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DISPERSION MANIPULATING FIBRE 



Fiel^ofthejTvv^^ 

5 .^..,.s in core a„d/„r Ca.d.ng region,,, T.e f*,es ™ay be „.i..ed d,spe.,o„ 
compensation and non-linear applications. 



Backgrounlofthej^^ 

The dispersion propen.es of conven.iona, op.,ca, fib., are receivn,, a cont.nuousiy b,«h 
,0 .search invest in connection with b.^h-capacity op.ca, con,nr„„,ca..on, soiuon 
p.„paga.ion, and con.o, of non-,inear e.ec.s. Accordingly, .here is a s.rong .n.eresr .n 
.eaiizing new types of optica, fibres that .ay provide new dispers.on propcrt.es or nray 
counteract some of the undesired dispersion properties of existing fibres. 

,5Recenf,ya„ewt^eofopt,ca>fibretbatischaracter..edbyaso-ca„ed.icros,mct„rehas 
hcen proposed. Optica, fibres of this type (which are referred to by severa, nanres^ as e.g. 

h..e been descrtbedinanunrber of references, such as WO,9/64,03,WO«/.4<,04,and 
Broeng e, a, (see Pnre and App,ied Opfics, pp.477-482, ,999) descnb.ng such fibres 

,S0.mKn,gbteta,.(scei.Opt.Soc.An,.A,Vo,.,.No.3,p, 748-m,99., 
Monro ct a,, (see Opfics Letters, Vo,.25 (4), p.2068, February 2000, defining fibres where 
.he „ght is transnritted using nrodtfied Tea, In.e™, Refiectron (T,R,. Thts appficanon 

25 sh^ctured fibres to generafiy describe these fibres. 
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M,cr„.s.uc.u.. fibres are known .o exhibit d.persion propen.e. .ha, are u„a„ai„ab,e ,„ 
e„„ve„.,ona, optica, fibre, (see e.g^ Ranka e. a,., Op.ies Uners, Vol, 25, No. ,, pp,2S27, 
,000, Brodenck e. a,. Opbes Letters. Vo,, 24. No. 20, pp. ,395->3,7. Mo.tlevtsev 
5 e. a., optics Letters. VoL 23. No. 21. pp. 1662-1664. 1998,. These prope«,es include 
shiftrng .he zero dispers.on wavelength below 1,3 nr. This has e.g. ,„ .he abovec.ed 
Ranka-reference been ufil.zed for super-con.inuunr genera.ton ol' ligh. over a ve^ broad 
Mue„cy range (covering v.s.ble .o near-.nfrared wavelengths,, rhe developnrent of sach 
wh,te-„ght generators ns.ng „icro-structared fibres was nrade possible through the design 
,0 of nrtcro-strucured fibres w,.b high anonralous wavegu.de dispersion a. visible 
wavelength - and ,t has tolled a large research .n.eres, ,n.o non-hnear effects ,n nrtcro- 

Wadswonh e. al. CLEO 2000. Paper PD,.5, 2000). The above-cited references all dcscnbe 
fibres w,.h zero d.spersion wavelength shifted below 1.3 ™. The fibres are eharae.eri.ed 
15 by a relatively high cladding air-filhng fraction ^ air hole dtanrelers, of nrore .han 0.45 
.,n,es .he centre-to-centre distance between two nearest a.r holes, , and they al, have a 

disadvantage of the prior ar. fibres with zero-dispers.on wavelength shifted be,„w ,.3 n, 
.hat they are not stnCy stnglc-nrode at vis.ble wavelengths, bat support a few (or nrore) 
20 guided „odes. ,n the above-cited reference by Ranka et a,., i, is denronstrated that for 
.eiatively short fibre iengths, the fundamental mode of such fibres nray be considered 
undisturbed by any higher order gutded nrodcs (i.e. there ,s a low coupling coefficent 
between the fundanrenta, and the h.gher order nrodes). However, for guidance over longer 
fibre lengths (i.e. hundred of nreters) it is a disadvantage of .he pnor art fibres w,.h zero 
« disperston waveleng.h sh.fted below 1.3 n, .ha. they are not s.netly single nrode a, 
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tbrming an inner and an outer cladding region. Both the inner and outer cladding of the 
fibres have an effective index that is lower than the core refractive index at all 
wavelengths. The features of the inner cladding region (preferably air holes) act to lower 
the effective refractive index compared to the effective refractive index of the outer 
5 cladding region. Hence, the fibres disclosed by DiGiovanni have a so-called "depressed" 
cladding design. The use of depressed cladding regions is well-known from the 
development of convenfional dispersion compensating fibres (see e.g., M.Monerie, 
Propagation in doubly clad single-mode fibres, IEEE Journal of Quantum Electronics, 
vol.QE-18, no.4, April 1982, pp. 535-542). To those skilled in the art, it will be recognised 

10 that in order to increase the negative dispersion of the fibres disclosed by DiGiovanni et 
al., the size of the cladding features must be increased. Digiovanni et al. disclose fibres that 
have dispersion of up to -1700 ps/nm/km. It is a disadvantage of the fibres disclosed by 
DiGiovanni that the depressed cladding design does not allow to increase the inner 
cladding feature size so as to obtain negative dispersion of more than -2500 ps/nm/km. 

15 This latter limit of maximum obtainable negative dispersion was predicted by Birks et al. 
(see Photonics Technology Letters,Vol. 1 1, No. 6, pp. 674-676, 1999). Birks et al. studied 
the fundamental limits of negadve dispersion that can be obtained in solid core micro- 
structured fibres made of pure silica and air. Birks et al. argue in the above-cited reference 
that by increasing the void size (air holes), the negative di.spersion of micro-structured 

20 fibres is generally increased. Hence, an ideal micro-structured fibre (with respect to 
negative dispersion) consists - according to Birks et al. - merely of a thin silica rod (the 
fibre core) surrounded by air. Hence, Birks et al. made a prediction of the maximum 
obtainable negative dispersion based on the study of a solid silica rod surrounded 
completely by air (this case corresponds to the inner cladding features of the fibres 

25 disclosed by DiGiovanni et al. being so large that they overlap each-other). For such an 
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ideal micro-structured fibre, Birks et al. found a dispersion of 2000 ps/nm/kni. i'his result 
has been taken as the maximum obtainable negative dispersion that can be obtained using 
siHca-based optical fibres. It is a disadvantage of the fibres disclosed by Birks et al. that a 
negative dispersion of more than -2500 ps/nm/km cannot be obtained. It is a further 
5 disadvantage of the fibres disclosed by Birks et al. and of DiGiovanni et al. that the fibre 
core must be very small (about 1 m or less in diameter) in order to ensure single mode 
operation at near-infrared wavelengths while exhibiting large negative dispersion. 

The present invention provides fibres that are substantially single mode at visible 
10 wavelengths while having zero dispersion shifted below 1,3 m. This application further 
discloses fibres that are strictly single mode, have a zero dispersion wavelength below 1.3 
micron, and a core diameter of more than 2 m. 

This application discloses micro-structured fibres that have dispersion significantly more 
negative than -2500 ps/nm/km. I'he present inventors have realized that it is advantageous 

15 to turn up-side-down the usual design rules for realization of fibre with large negative 
dispersion - and to design fibres with a so-called "raised", micro-structured, inner cladding 
region. As documented in this application, it becomes possible to realise micro-structured 
fibres with negative dispersion of at least up to ^500 ps/nm/km. This application 
describes in detail the design-route that the present inventors have found in order to realize 

20 such fibres and discloses a number of preferred embodiments of fibres according to the 
present invention. 

The present invention is particularly aimed at fibres for dispersion compensating and/or 
dispersion slope compensating applications. 

25 
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While non-linearities are usually undesired for transmission and dispersion compensating 
fibres, they are for, other applications, desired as they may be utilized to provide different 
kinds of functionalities in optical fibres (such as wavelength conversion, parametric 
amplification, supercontinuum generation, solitons etc.). For a detailed description of non- 
5 linear fibres and their applications, please see Agrawal, "Nonlinear fiberoptics", Academic 
Press, third edition, 2001 . 

Also for non-linear fibres, dispersion plays an important role, and in order to realise 
improved non-linear fibres, it is vital to be able to control and manipulate the dispersion 
10 properties of such fibres accurately. The present invention also addresses fibres with 
special dispersion properties for a number of non-linear fibre applications in the near- 
infrared wavelength range. In particular, the present invention provides new micro- 
structured fibres with small cores and so-called flat, near-zero dispersion at near-infrared 
wavelengths (especially around 1 .5 m) for use as non-linear fibres. 

15 

Ferrando et al. have studied fibres with nearly zero, flat dispersion (Optics Letters, Vol. 25, 
No. 11, pp. 790-792, June 1, 2000). Fibres with such dispersion properties are of large 
interest as non-linear fibres, since low dispersion (close to zero) is one of the key elements 
in order to reduce the threshold for non-linear effects. A further key element is to reduce 

20 the mode field diameter of the guide mode as much as possible. Hence, small cores and 
near-zero dispersion are desired characteristics for non-linear fibres. In order to utilize 
non-linear effects in fibres over broader wavelength ranges (such as in modem broadband 
telecommunication systems), it is further desired that the near-zero dispersion is obtained 
over a broad wavelength range in the near-infrared (hence, that the dispersion curve is 

25 relatively flat over the wavelength range of interest). It is an advantage of the fibres 
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disclosed by Ferrando et al. that they exhibit flat, near-zero dispersion over a very broad 
wavelength range (for example dispersion between +lps/nm/km and -Ips/nm/km over 
more than 500nm). 

5 It is, however, a disadvantage of the fibres with near-zero, flat dispersion disclosed by 
Ferrando et al. that the centre-to-centre, , spacing between two nearest air holes 
surrounding the core is equal to or larger than 2.3 m - thereby limiting the smallest 
possible core diameter to around 4.6 m. The exact, absolute value of the core diameter, 
naturally, depends on the definition of the core diameter. Unless otherwise stated, we will 

10 use the same core diameter definition as used in WO 99/00685, namely a core diameter 
defined as the distance from a centre of an innermost cladding feature to a centre of 
another innermost cladding feature, these two innermost cladding features being positioned 
substantially opposite each other with respect to the core center. For the fibre design used 
by Ferrando et al. this results in a core diametre equal to two times . hence Ferrando et al. 

15 disclose fibres with core diameters larger than ~ m. Alternatively, the core diameter 
may be defined from a circle connecting centers of the innermost cladding features - this 
may be relevant in the case of only a few innermost cladding features (such as 3 or 5). This 
later definifion is in agreement with the core definifion used in WO 99/00685. For core 
shapes with a strong deviation away from a circular shape, such as an elliptical or 

20 rectangular shape the core diameter should be defined most appropriate with respect to the 
mode field area, e.g. as the mid-value between lengths of the first and second main axes of 
the elliptical or rectangular shape. 

It is an object of the present invention to provide optical fibers for non-linear applications, 
25 where the fibres are characterized by a core diameter smaller than 4 m as well as near- 
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zero dispersion at near-infrared wavelength. In particular, it is an object to provide optical 
fibres with a core diameter smaller than 3.5 m and dispersion that varies less than +/- 
5ps/nm/km around zero over a wavelength range from at least 1 .45 ni to 1 .65 m. 

5 

Glossary' and definitions: 

In this application we distinguish between "refractive index" and "effective refractive 
index". The refractive index is the conventional refractive index of a homogeneous 
material. In this application we consider mainly optical wavelengths in the visible to near- 

10 infrared regime (wavelengths from approximately 400nm to 2 m). In this wavelength 
range most relevant materials for fibre production (e.g. silica) may be considered mainly 
wavelength independent, or at least not strongly wavelength dependent. However, for non- 
homogeneous materials, such as micro-structures, the effective refractive index is very 
dependent on the morphology of the material. Furthermore, the effective refractive index 

15 of a micro-structure is strongly wavelength dependent - much stronger than the refractive 
index of any of the materials composing the micro-structure. The procedure of determining 
the effective refractive index of a given micro-structure at a given wavelength is well- 
known to those skilled in the art (see e.g. Jouannopoulos et al, "Photonic Crystals", 
Princeton University Press, 1995 or Broeng et al, Optical Fiber Technology, Vol. 5, 

20 pp. 305-330, 1999). The present invention takes advantage of specific micro-structure 
morphologies and their strong wavelength dependency in a novel manner and discloses 
fibres where the effective indices of the core and cladding regions are varying with respect 
to each-other in an untradifional way. Most importantly, there exists for certain fibres, 
disclosed in this applicafion, specific wavelengths - so-called "shifting" wavelengths - for 

25 which the difference between the effective indices of core and cladding regions may 



P 535 USOO 




change sign. The present inventors utilize this property to realize micro-structured fibres 
with strong dispersion around the shifting wavelengths. 

Usually a numerical method capable of solving Maxwell's equation on full vectorial form 
5 is required for accurate determination of the effective refractive indices of micro- 
structures. The present invention makes use of employing such a method that has been 
well-documented in the literature (see previous Joannopoulos-reference). In the long- 
wavelength regime, the effective refractive index is roughly identical to the weighted 
average of the refractive indices of the constituents of the material. For micro-structures, a 
10 directly measurable quantity is the so-called filling fraction that is the volume of disposed 
features in a micro-structure relative to the total volume of a micro-structure. Of course, 
for fibres that are invariant in the axial fibre direction, the filling fraction may be 
determined from direct inspection of the fibre cross-section. 

15 Summary of the invention: 

A problem to be solved by the invention is to be able to guide light in single-mode micro- 
structured fibres with relatively large mode areas, where either the zero dispersion 
wavelength is shorter than 1.3 m or the fibres exhibit a large negative dispersion value 
20 around 1.55 m. Another problem to be solved is to provide in single-mode micro- 
structured fibres with very small mode areas and a fiat, near-zero dispersion at 
wavelengths around 1 .55 m. 



The present invention covers several aspects of fibres with special dispersion properties, 
25 namely fibres with a micro-structured core region and a micro-structured cladding region 
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with cladding features being large compared to the wavelength of light guided through the 
fibres, and further, the invention covers fibres with a so-called raised, inner, micro- 
structured cladding region. 

5 In certain aspects, the present invention relates to single-mode optical fibres with strong 
dispersion. A potential application of such fibres is for dispersion compensation or 
dispersion slope compensation of high bit rate optical communication links. For such 
applications, non-linear effects are crucial to eliminate, and fibres with relatively large 
mode field diameters are required. 

10 

The present inventors have realised that the prior art fibres with a solid core require small 
core diameters in order to obtain single-mode operation and large negative dispersion. For 
modem optical telecommunication systems based on standard transmission fibres with a 
zero-dispersion wavelength of 1.3 m, a very important fibre application today is 

15 dispersion compensation at wavelengths around at 1.55 m. However, for high capacity 
systems that are based on multi-wavelength channels (so-called dense wavelength 
multiplexed systems D-WDM), the prior art micro-structured fibres cannot be used for 
dispersion compensation due to their small core diameter. The small core diameter causes 
a (for this aspect) crucial increase in undesired non-linear effects - such as e.g. four-wave 

20 mixing. 

The present invention, however, discloses a number of fibre designs allowing realization of 
very large negative dispersion for large mode area fibres. In particular, for fibre core 
diameters which are comparable to those of standard optical transmission fibres. 
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The prescn. inven.ors have funher realized .ha, .he use of a depressed cladd.ng - as 

dispers,o„ a. neaMnfrared waveleng.hs. The presen. .nven.ors have, on .he o.he. hand, 
found .ha, ..ercrue^ed fibres can be inrproved w,.h respec, ,o .ocreasing .he 
5 d,spers.on ,bo,h .o large nega„ve or ,arge positive va.ues, if .he fibres have a nr.cro- 
s.rue,nred core region and a n.ier„.s.roe.ured cWding reg.on wi.h eiadd.ng fea.ures being 
,arge compared .„ ,he waveieng,h of ,igh. gu.ded ,hro„gh ,he fibre and/or ,f ,he fibre is 

,0 operating wave,e„g.hs ,.he inner cladding region should e.g. have a lower filling fraction 
.han ,he ou.er eladd.ng region). We shall refer ,o ,his ,ype of design as nricro.,r„c.red 

fibres with a raised, inner cladding. 

,5 .he flex,b,li,y ,o ob,ain fibres wi,h very, snrall cores and near-zero d.spersion over a broad 
wave,eng.hs range a, near-infrared wavelenglhs. Such fibres are covered by anCher aspec. 
of .he presen, inven,ion, and are mainly of ,n,eres. for ncn-linear appHcafions. 

Hence, .he presen, .nven.ors have real.zed ,ha. utiliza.ion of a ra.scd, inner cladding ,s a 
20 particularly anraetive for nranrpulaUng .he dispersion properr.es of nr.crcs.rue.ured fibres. 

When ,ai,or,ng ,he dispers.on properties of .icr.s,mc.ured fibres, i. is generally desired 
,0 have larger feamres ,he cladding (usually low-index fearures in .he fom, of voids or a.r 
holes) as .his provides larger effective, refractive index c„n,ras,s and .hereby s.rongcr 
25 d,spersive effeCs. I, is, ,heref„re. desirable .o realize nr.cro-s.mc.ured fibres wi.h large a.r 
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,bove a cenain a,r hole si.e, ,he fibres ™y beco.e „,u,.,-n,o.e, T.e pre.en, ,„v.n.,on 
describe, a way of rea.i.ng s.ne.,y singl.nrode ™cro-s.ruc,ured fibres ...h large a,r 
holes, by using naicro-struenrnng of rhe core regron and/or varrous dopants ,n the h.gh- 
5 index composite of the .rcro-st^Cured fibre (rhrs berng errber in .he core or ,n .he 
cladding -or in both). 

Accordrng ,o a fir., aspec. of .be invenfion .here rs provided a .,cro-s,r„e,ured op.ica, 
fihre for .ra„s.,.„ng a. leas, a predetermined wave,eng.h of Hgb., said optical fibre hav.ng 
« an axiaidirecronandacross section perpendrclarto said drrecron. The fibre comprisesa 

core regron tba, comprises a mul.iplrcity of spaced apart core features that arc elongated ,n 

cause a ntrcro-s.mcturing of the core regron, and the effecfive refrac.rve index of .he core 
regron ,s no.ed N„. Surround.ng the core region is a claddrng nra.enal tba. composes a 
t5 muUipncrty of spaced apart cladding features. These cladding features are elongated n, the 

features cause a m.crcst^cturing of the c.add.ng region, and the effeC.ve rndex of tbc 
cladding ,s noted H,. The fibre has a pluralrty of the claddrng features that are large 
compared to the predetennined wavelength of the light guided through the fibre. 

20 

The nncro-struetnred fibre according .0 .he first aspect of the .nven.ion may be embedded 
in an artrcic, wbtch e.g. can be used ,n an opt.cal fibre commun.cation system. 

« of ligh, guided .hrough the fibre ,the features are ,n at leas, one cros.sec.ronal d.rec.ron 



13 



.„a„ the predetermine, wavelength, and the .ieto-struCured core re„on, ,t ,s 

„avest,ldln. propentes and a large nrode area. ,s a re^nlre.ent ,n order to obtain these 

5 predetemtined wavelength of the Hght gu.ded through the fibre, while a, the same tinre the 
core is micro-structured. 

^ceordtng to an entbod.ntent of the first aspee. of the Invention the effeet.ve Index of 
,efiaetlon of the core region, N„, ntay he larger than the effective Index of refraction ol the 
,0 caddtng regton, N. a, said prede.erm.ned wavelength of light. This ts In order to ensure 
.hat the fibre ntay guide light in a srngl.mode by intenral refiectton at the predetemr.ned 

wavelength. 

„ .Honld be understood that the first aspect of the tnventlon may cover a relattve.y large 
tsnumberofcomblnations or variatlonsoftherefracttveindleesofthe core nratenal, the core 

Here the refracttve index of a majority or all of the core features may he lower than the 
„fiactlvc index of the core materral. However, ,t Is also within an cmhodimen, of the firs. 



material. 



Accordingly, the invention covers embodiments where the relract.ve mdex of one or more 
of the claddmg features ,s lower than the refractive index of the claddmg material, where 
the refractive mdex of a majonty or all of the cladding features may be lower than the 
refractive index of the cladding material. However, the invention further covers 
5 embodiments, where the refractive index of one or more of the cladding features is higher 
than the refractive mdex of the cladding material, and the refractive index of a majority or 
of the claddmg features may be higher than the refractive index of the cladding 



all ' 
material. 



10 The fibres disclosed in the present invention are intended for use in a wide range of 
applications, where the light guided trough the fibre may be in the range from 0.3 ^m to 2 
^m. For use m certain systems, the predetermined wavelength may be very short- 
typically m the interval from 0.3 ^tm to 0.6 ^m. For other applications, the fibre may be 
desired for delivery of light from laser sources such as III-V semiconductor lasers- with a 
15 wavelength range from around 0,6 ^m to 1.2 ^m. Particularly, the wavelength range 
around 0.8 is of interest for delivery of light from relatively cheap GaAs based 
semiconductor lasers. For other applications, fibres according to the present invention may 
be used for applications such as delivery of light from powerful, tuneable Ti;Sapphire 
lasers. Hence, the fibres may be designed to guide light at wavelengths between 0.78 ^irn 
20 to 0.98 ^m. For other systems, e.g. systems employing lasers and amplifiers based on rare- 
earth doping, the fibres may be desired to guide light at specific wavelengths, 
coiresponding to transitions for particular rare-earths. Important transition lines are 
located around 1.06 and 1.55 ^m. The fibres according to the present mvenfion, may 
be used for a number of telecommumcafion applicafions- e.g for dispersion compensation 
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„,e. f.re .a, .e .se. ,n .e w.e,e„,h ran.e fto. a.o. K2 .n, ,o ,.6 ... 
P.„„,aH. *e n.e. .a, n„. ,„ .He .o-ca„e. seco. a„a ... .e,eco...„ca.,o„ 
U. for wave.„..H, around 1.3 an. for wave,e„..s .on, around , 3 „n ,o 
, , P„r ,e. appHcaUons, *e fibres ™, find us. a. nrrd-.nfrared .ave,e„,.s, 
, .„eh as around 2.0 .nr. T.e present inven.ron covers preferred e.bodr.enrs, wHcre ..e 
predetenarined wavelength ,s w.tWn the above-nrentioned wavelength ranges. 

,„ . preferred enrbodinrent, fibres aceording to the present rnvent.on have singl.ntode 
operafion. This property .s tntportan. both for appHeat.ons at sbor, wavelengths- e.g. for 

V ,■ ,s well as for longer wavelength applications, such as 

10 lithographic appl.cations - as well as lor b 

telecommunication applicafions around 1.55 (mi. 

wavelengths below the predetermtned wavelength. Th.s ,s e.g. the case for wavelength 
systems usedmtelecommunication systems. Where the fibre Should be single 

„„,e a. wavelength .n the range from 1.5 .m to U .m. For other appHcattons, such as 
«.re amphfiers or fibre laser, the fibres are desrred to be s.ngle-mode a. a pump 
^length that may be s,gn,ficantly below the predetermtned wavelength. Therefore, 
p„fe.ed embodtments of the present tnvention covers fibres with s.ngle mode operat.on 
20 for wavelength ranges down to 0.3 ^m. 

„ . .any appl.cattons destrable to have fibres according to the present .nvennon to 
aerate by total internal refieCton. ,n a preferred embodiment, the core features are. 
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,.3„ce .s .„ .e ,..era,.e .so .efe.ea ,o as i.aex-.u.ance or .o.fie. .o., 
.eflecon). T.e si. ,s ,n *,s respect easily de.™,ined fron, an inspec.ion of .he „bre 
„„.-see.io„ - the cote features shouW have at teast one cros.sect.ona, dintenston that ,s 

,,,,es have cross-sec.iona, intensions perpendicular to satd axia, directton hetn. 
.„,aller than the cross-sectional dimensions of the cladding features. 

The present tnvention tncMes nticro-structured fibres, where the elongated features 
,0 he either no„-per,od.ca,l, or periodica,, dtstnhuted. Hence, when we are dtscusstn. the 
of elongated elements, we refer to the centre-to-centre distance hetween two 
netghhourin, features, for pertodically d.stnhu.ed features, th.s centre-to.entre spacn, ts 
,,mnned, and is e.. for a close-pac.ed a.an,e™en, of the features tdent.cal to 
,e pitch of the penodic structure. For non-periodtc d.strihut.ons, the cen.r.to-centre 
.pacin. Should he ta.en as the average centre-.o-centre dtstance hetween neighhourtng 
,,„„s in the relevant regton. For speca. dtstnhuttons, e.g. ,n the case of a ve. low 
„u.heroffca.ures, the centre.to.cen.respac.ng should he .arenas the snralles.cen.re.to- 

centre dis^nee beUveen neighbouring feamres in the relevant region. 

than the predetemrtned wavelength of Ught guided through the fibre, fhts provtdes a 
,„,er inrprovenrent in order to obta.n operation b. total ,nten,al refiect.on. In further 
...rred entbodi.ents, the core feature spacng ,s s.aller than 0., ttnres the 
,edetem„ned wavelength, such as smaller than U ..nres, such as snraUer .han C.4 .,n,es, 
25 or such small as 0.2 rimes the predetermined wavelength. 
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To ttoher .nsure an operation based on total internal renectton, it is further preferred to 
have tlre core features small contpared to the predeterr^ined wavelength^ Hence, in a 
preferred embodiment the core features have a eross.ectional dtmension that is smaller 
5 than the predetermined wavelength. Thus, a part of or all of the core features may have 
cross-secional dimensions perpendicular to said axial direction being smaller than 0,9 
times the predetermined wavelength, such as 0.6 „mes, such as smaller than 0.4 times, or 
such as smaller than 0.2 times. Preferably, the cross^ectional dimension ,s as small as 0,2 
times the predetermined wavelength. 



10 



Since fibres aceordtng to the first aspect of the present invention are characterized by 
relatively large cladding features (a plurality betng larger than the predetennined 
wavelength), the core features may need to have a certain size in order to ensure single 
mode operation at the prcde,e™ined wavelength. In a preferred embodiment the core 
1 5 features have a cross-sectional dimension that is larger than 0,2 pra, 

I, rs preferred .hat the core features have a cross«ct,onal dtmension perpendicular to said 
axial direction being so large that a second-order mode of propagation ,s shifted to a 
wavelength of light betng shorter or smaller than said predetermined wavelength. In a 
20 prefetred embodiment, the core features are so large that the second-order mode will only 
be able to propagate at wavelength shorter than 1,5 pm, such as smaller than 1,3 pm, or 
such as smaller than 1 ,06 ,m, such as smaller th» 0,8 pm, or such as smaller than 0,6 pm, 
such as smaller than 0,4 pm, such as smaller than 0,3 pm, or such as smaller than 0,2 pm. 
Preferably, the second-order mode cut off is shifted to wavelengths as short as 0,2pm, For 
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,„,„..„de fibre. should be .en.,o„ed ,ha. .he .econd-order n,odc c„,-o.T ,s often 
simply referred to as the cut-off. 

To obtain ,he above-discussed sb.fting of.be second-order n,„de cu.-orf, ,. .s prcfe.ed ,ba. 
the core fea.ures have a crcss-seCona, dimension smaller than 2 .nr, such as snrallcr than 
,,3 such as smaller .han 1.06 ,n,, such as smaller .ban 0^8.™, or sueb as smaller than 

0.2 ^m. m a preferred embodimen., .he core feamres have a eros.sec,ional dimension in 
the range from 0.2 ^m to 1 .8 ^m. 
0 ,n has already been men.ioned .ha, in order .0 ensure .ha, .be fibres aceordrng .0 .be 
presen, inven.ion are s.ngle-mode a, .he prede,enn,ned wave,eng,b when operabng by 
or almos. ,„,a, in.e^al refleebon, .he effec.ive refrac.ive index of .be core regron 
should be larger .ban .he cffcCive refrac.ive ,ndex of .be cladding reg.on. Hence, in a 
preferred embodimen., N„ is larger .ban N. a. .he p,ede,emrined wavelcng.h. 

' ,n order .0 ob«,n a s.rongly dispersive waveguide cbarac.ens.rc, ,he presen. rnvemors 

effecrve refracfive mdex .ban .be core a, wavcleng.bs shorter .ban ,he prede.enn.ned 
wavelength (where N„ ,s larger .ban This provides a cu.-off for .be fundamenfal 
20 mode ,n .he core regron a, a so-called shifting wavelength (where N„ and are equal,, 
,u. a very s.ro„g drspersion a. .he (longer) predcemnned waveleng.b. Therefore, .he 
present mvention covers fibres where N. rs larger .ban H. below a sbrftmg wavelength, 
this shifting waveleng.h being sheer .ban .he predcermrned wavelcng.h. The prcsem 
,„ve„.ors have real.zed ,ba, ,be dispersion is sironges, close .0 .he sb.fting waveleng.h. 
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a„a d.pe„J,ng on .h. app.ica,io„ of .he fibres, .he *if.,„B wave,en,.h .ay, .he.efo.e, be 
.ailored .0 a specific vai.e. In order .0 ob.ain ,he s.rong dispersion a. par.,c.,ar 
preae.co.incd wave,c„g.hs, .he presen. inven.ron, .herefore, coves preferred 
c.hodi„,cn.s, where .he shimn, wave.cng.h is bciow L5 where ,s bCow U .nr, 
5 below ,.06^m,below0.8Km.below0.6j.m,andbelowO,4^m, 

ye, anorher nranncr of ensuring opera.ion by .o.a, ,n.ema. refieCon, ,s by having .he 

preferred en,b„d,n,e„,, .he core fea.ures in ,hc cross.ee„on occupy ,n .o.a, a ra„o F. 0, 

features occupy of the cladding region. 

The presen. inve„.iona,socovers fibres .ha. n,aygu,deUgh.byPBG(Pho,on,c Band Oap) 
effce,s, ,n .his case, .he Caddrng fea.ures nr.,s. be period.caiiy dis.ribu.ed, and .he presen. 
,5 ,„vcn..on .herefore includes preferred cnrb„d,nren.s where .he Oadd.ng fea,ures arc 
perrodiea, feanrres. Tbe cladding fea.res ™y e.g. be arranged .n a close-pacUcd 
arrangcnren., which provrdes in.nns,ca,ly .he larges. fea.urc filling frae.ion. A long range 
of other arrangemenrs n,ay, however, also be of in.eres. for spce.fic applications. 

20 TO prov,dc fibres accordn,g .0 .he presen. inven.ion .ha. are opcra.ing solely by PBC, 

.fraCion of .he core region, N„ should be lower .han .he effcefive index of refrac.ion of 
the cladding region, N,, a. said prcdc.ennined wavelength of l.gh.. 
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Hence, in a preferred embodimen,. .he core features may have cro..sec,ional dimensions 
perpendicnlar .0 said axial direction being larger than the eross.econal d,nrens,ons of the 
cladding features. The larger core features or holes may provide a low-index core region ^ 
5 meaning that the effecttve refractive tndex of the core region may be lower than the 
effective refractrve index of the claddtng region - within which light may be gutded by 
PBG effect for certain wavelength ranges. For a specific fbre, these wavelength ranges 
may be tailored by chotee of cladd.ng feature anangement, adjustment of cladding features 
s,ze(s), core feature arrangement and/or core feature size(s). Such fibres may be 
,0 advantageous no. only in order to reahzc fibre w.th the previously described dispers.ve 
properties, but additionally .0 be able to guide a high fraction of Hgh. in the core feamres. 
,„ the case of air or vacuum filled features such fibres may, therefore, further be 
characterized by low material losses. 

15 Another manner of ensuring operatton solely by PBG effects ,s by havtng .he feature 
filling fraction of the core region htgher than the cladding regton. Hence, in a preferred 
embodtment, the core features m the cross.ec,ion occupy ,n total a ratio F. of the core 
regton that is larger than the ra.,o F,. where F, ,s .he .otal ra.to that the cladding feahtres 

occupy of the cladding region. 

20 

,„ order to fabricate micro-stmCured fibres with a highly regular feature arrangement. ,t is 
prefeued to have the centre-to.en.re spacng beUveen core features equal to the centre-to- 
cemre spacing of cladding features. Hence, the present invention covers preferred 
embodiments wtth a substamially ident.cal feature spacing relat.on for the core and 
25 cladding regions. Due .0 structural un.form.bes during fabr.cation, the spacing may. 



however, in practice have smaller variaiion., even in ,hc case where an .den.ical spacng is 
sought. 



,„ ye, anomer preferred embodiment, ,he core feature spacing is smaller than the cladd.ng 
5 feature spacing. The main advantage of this is the achtevemem of a higher flexibility when 
tatlonng the mode-shape of hght guided through the fibre. By using core features that are 
smaller than the claddtng features, it is possible to increase the number of core features and 
thereby to provide a better mode shaping. For most applications, it is destred to have a 
mode-shape that is as close as possible to a gaussian shape, in order to reduce coupling 
10 losses at e.g. splicing to standard fibres. 



To provide the largest flexibiltty for mode-shaping, it is preferred that the number of core 
features is larger than two. To further increase the mod<.shaping flexibility, is preferred 
that the number of core feamres is larger than 5, and even further preferable that the 
15 number of core features is larger than 17. 

The fabricatton method most commonly used for the fabricafion of mtcrostructured fibre, 
would for the realtzation of fibres accordtng to the presem tnvention favour the use of 
specific numbers of core features (when these have a size smaller than the cladd.ng 
20 features - preferably a cladding feature spacing of three times or of the square-root of three 
times the core feature spacing). Tirerefore, in a preferred embodiment, the number of core 
features is equal to 7, or is equal to 1 3 or is equal to 19. 

,„ ye, another preferred embodimem, the core material (the background material of the 
25 core region) has a lower refraCive index than the cladding material. This allows a further 
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flexib.l.ty of taUonng the d.spersive properties of fibres guiding by either of the two types 
of waveguidance (total internal reflection, PBG effects or both). For example, it is possible 
to provide further control of the above-mentioned shifting wavelength by the use of a core 
material having a lower refractive index compared to the cladding material. This refractive 
5 index difference may be obtained e.g. by using different dopants in the two materials (e.g. 
silica doped to various degrees), or it may be obtained simply by using different basis 
materials (e.g. different types of polymers). 

In yet another preferred embodiment the refractive index of the core and cladding 
10 materials are identical or substantially equal. This may e.g. be preferred in cases where 
fibre losses are a critical issue, and the fibre must be fabricated from the purest possible 
material. In this case it is preferred to use the same (pure) material for the core and 
cladding material. Also with respect to fabrication method, it may be an advantage to use 
the same core and cladding material (and therefore the same refractive index of the core 
15 and cladding material). This is e.g. the case where a difference in thermal expansion 
coefficient for the core and cladding materials cannot be tolerated. The presently used 
fabrication methods for micro-structured fibres are generally not m favour of the use of 
different core and cladding materials. Hence, fibres with the same core and cladding 
material are preferred. 



20 



It should, however, be understood that the presem invention also covers embodiments in 
which the refracfive index of the core material is higher than the refractive index of the 
cladding material. 
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p,esen, ,„ven.,o„, i. ,s prefe.ed *a, a h,gh fracion of .he c.add.ng Cea... have a cross- 
.eciona, dimension .ha, is ,a.,e. .ha„ .he p.ede.enn.ned wave.e„g,h. „ence, preferred 

5 .he prede.en.ined wavele„g.h, such as .ore .han 40%, more .ha„ 60%, or nrore .ha„ S0% 

or all of the cladding features are larger. 

,„ a preferred enrhodi.en., .he core has a d.a.e.er larger .ha„ 2 Generai.y, for 
,,eco. app,ica.,o„s a core size ,„ .he range fro. ahoa. 2 ,o .0 is desrred. For 
,0 high-power appUca,io„s. a fargcr core size is desired such as fro. abou, ,0,. .o 50 

,„ order ,o oh.a,„ .he s.ro„ges. possible dispersive effec.s in fibres accord.ng .o .he presen. 

toher preferred e.bodin,en., ,he cladding fea.ures should have a dia.e.er .ha. is larger 

. preferred .ha. cladd.ng fea^cs occupy a. leas, 25% of .he cros.sec.ion of .he cladding 
more than 70%, such as more than 80%. 
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.Ha, .he core fea.res occupy .ore ,han 5% of ,he cross.eC.on of .he core reg.on, such as 
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.n„ws*es,n,p,es.— ,fo.rabnca.,o„orf.breswi.a™c™.,™cU.edco.e.,,„„ 

,„ a funhe, p.fe..d ..bedizen, .he spacng of .he e„,e fea,u.es and of .he e.add.n. 
5 features are in .he range of abou. 0.2 nm to 10 pm. 

material being silica. 

.0 The core fea.ure. a„d,or .he e.addin, fea..s n.ay he rods or voids or conrh.na.ions of 
„dsand voids. Thus, one orm„re,a.,on. or a„of.he core fearures^y he r„ds.U,s 

3,so wi.h,n enrhodinrenrs of the .nven.ion .ha. one or .ore, a n..„r„y or a,, of .he 

eo.pr,sin. Ge, M, P, Er, Yb, Nd, La. However, .he ,„ven.,on a.so covers e.bodin,e„.s 
nrore, a nrajonty or all of .he cladding feamres may be voids. 
,0 When some of .he core fea.ures and,or .hecladding fea.ures are vo.ds, .hese voids .ay, 

.oids .ay con.a.n poly^erfs,, a .a.ena, providrn, an increased .h.rd-order no„.l,near,.y, 
, p.„.o-se„s...ve .a.enal, or a rare eanh nra.enal. In a second aspec. of .he ,nven..o„ 
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,Ke. ,s proviaea an an.Ce (e* an op„ca, Hbre con,n,un,ca„„n .ys.n,, co.pnse. a 
.,„o.s.™c,.ed optica, fi.e fo. «.d,n. a, an opera.n,, wave.en,,. sa. opuca, 
n..hav,„,anax.,a.ec.ic„a„aac,osssecU„npe.end„lanosa.axia,d,rec.,on,^ 

„p,ica, fibre co.p.sin, a core ..on having an cffeCvc re.ac.ivc .n.ex N.„ an. be,n, 
S ..oanded by a cMding reg.on comprising a .niiipiiciry of spaced apa„ c,ada,n, 
fea«resbe,nge,on,a,edin,beaxia,direc.ionandd,sposedinafirs,c,add,nsn,a.er,a,,,be 

,,,ai„g nrateriai, .be c,add,ng region f„r.ber co.pnsing an ,n„er Cadd.ng reg.on 
s„.„™ding .he core reg.on and an on.cr Cadd.ng rcgron surronnd.ng .be ,n„er Cadd.ng 
,Oreg,on wbere.be inner and ou.erc,add,„greg,onsbaveeffec.,verefrac.,veind.cesN, and 

N„, respecively, w,.b Nf>N. a. .be operar.ng wavelcng.b. 

sbonid be undersrood .ba, .be ar.,c,e of .be second aspec. of ,bc rnven.ron n,ay be an 
op.ica, Hbre conrnrunica.ing sys.en. or a pan of an op.ica. Hbre co^nrnn.ca.rng sys.en, 
15 sueb as .be micro-s.ruc.ured optical fibre i.self. 

,„ ,n cr.,b„din,en. of .be second aspec. of .be .n.en.ion, .be ,nner cladding reg.on 
.adding nra.er,al.berebycons,i,u.ing an ,n„crc,add,ngnra.er,al and .becladdingfeamres 
,0 disposed ,n .be firs, cladding n,a.er,al cons.i.u.ing a nrul.,p.,ci.y of spaced apar. ,nner 

index .ba. differs from a refrac.ive index of .be ou.er cladd.ng ma.erial. 

25 
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,„ a prefc^ed embodimen. of the second aspec, of the invention ,h=rc is provided an art.cle 
co.pr,sing a micro-sin^Cured opt.cal Hbre for gu.d.ng Ugh. a. an opera.mg wavelength, 
said optical fibre having an axial direction and a cross section peT,endicalar to said axial 
d,rect,on, the opttcal fibre compristng a core regton surrounded by an tnner cladding 
5 region that compnses a multiplicity of spaced apart inner cladding features that are 
elongated in the axtal direction and dtsposed in an inner cladding nBterial, the inner 
cladding region being surrounded by an outer cladding region that comprises a multiplicity 
of spaced apart outer cladding features that are elongated ,n the axtal dtrection and 
deposed ,n an outer material, the tnner cladding features having a rcfracve index that 
10 differs from a refractive index of the tnner cladding material and the tnner claddtng regton 
having an effective refractive index N„ and the outer claddtng features having a refractive 
index .ha, differs from a refraCve index of the outer claddtng material and .he outer 
cladding region bav.ng an effective refractive index N„ wheretn N, is larger than N. at the 
operating wavelength. 

15 

„ has already been mentioned that for a micro-structure fibre, such as a fibre having a 
cladding region with cladding features, the effective refractive index may be strongly 
wavelength dependent. Thus, for embodiments of the second aspect of the invention 
havtng claddtng features ,n the cladding regions, and wheretn the core regton has an 
20 cffecfive refractive tndex N„, t. is prefe^ed that optical fibre ,s dimensioned so that the 
difference bemeen N„ and N: ,s a function of the wavelength of the guided light, and so 
that the effecttve tndex of the core region K„ ,s substantially e.ual to the effecttve index 
of the inner claddtng regton N, at a wavelength referred to as the shifting wavelength, and 
therein N, is larger than No for operating wavelengths equal .o or below said shifting 
25 wavelength. 



P 535 USOO 



27 



,„ „„e e„,.oa,.e„,, Che cp.ica, fi.e be di.e„.o„ed » .ha. H„ ia.« N, .or 
„„e,e„,.hs o. a. ,eas. a of wave,e„„hs ,o„,e. .ha„ .he sh,ft,n, wav*„..h, an. 
, . ,ower .han N. for wavelengths o. a. ,ea. a ran.e of wave,e„,hs shone, .han .he 
, ...ftin, wave,e„,h^ In ano.he. e.hoa.n.en., .he op.ica, fibre n,ay he ain,ens,o„e<i so .ha. 
, is >owe. .han N, for waveieng.hs or a. leas, a ran.e of wave,eng.hs ,„n,er .han .he 
wave,en,.H, an. N. ,s h„her ,han N, for wave,en«.hs or a. leas, a ran.e of 
„ave,en,.hsshor.er .han .he shif.,n.wavele„,h. The seeonaaspec. of .he invention also 

„.ers e^boarnrents wheren, ,s larger .han N„ for a ran.e of wavelen,hs above .he 

10 shifting wavelengths. 

„ .Honia he u„aers.ooa .ha. .he secona aspee. of invennon covers e„,hoai™en.s . herein 
region isas„hs.an.ianysohacoren,aaeofacoren,a.ena, ana havrnsaneffecve 

.fracive .n.ex N„ he.n. snhs.an.,al,y e,„a. .0 .he refraCve ,nae. of .he core .a.er.al. 
However, .he seeona aspec. of rnvenhon also eovers e.hoa,nren.s, wherein .he core 

direction and disposed m a core material. 

,„ an enrhoarnren. of .he secona aspec. of .he ,nven.,on .he rnner Caaa.ng feanrres or a. 
,as. par. of .he ,n„er claaain, fea.ares nray have a cros.secona, a.nrension .ha. ,s 
,0 smaller .han a cross-seCona, ainrens.on of .he on.er claaa.n. fearnres. Tir.s prov.aes a 
„,3„ve,y eas, aesign .o allow real,sa.,on of raisea claaa,n, nncro-s.mc.nrea fibres. 
T,plcall,.hefea.nresaresnbs.n.iaUyc,rcn,ar,.hns.hecross.ec,,onaia,n,ens,o„n,aybe 

equal to the feature diameter. 
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In a preferred embodiment, the refractive index of the core material ,s lower than the 
refractive index of the inner cladding region material. This allows a simple design for a 
fibre exhibiting a shifting wavelength. 

5 It IS also withm a preferred embodiment that the centre-to-centre spacing between inner 
and outer claddmg features is substantially identical in the meaning that the centre-to- 
centre spacing between two nearest inner cladding features is substantially identical to the 
centre-to-centre spacing between two nearest outer cladding features. The advantages of 
this embodiment are similar to those described in the first aspect of the invention. 



According to an embodiment of the second aspect of the invention, the filling fraction of 
mner cladding features in the inner cladding region is smaller than the filling fraction of 
outer cladding features in the outer cladding region. 
1 5 Thus, the inner cladding features may in the cros^section occupy m total a ratio, F„ of the 
inner cladding region and the outer cladding features may in the cross^ection occupy in 
total a ration, Fo, of the outer claddmg region, with F, being smaller than Fo- This provides 
a simple manner of obtaining a raised inner cladding. 

20 It should be understood that the characteristics of a micro-structured fibre according to the 
second aspect of the invention may be obtained by a relatively large number of different 
fibre designs. Thus, the second aspect of the invention may also cover embodiments, 
wherein all or at least part of the inner claddmg features have a cros^sect.onal dimension 
being substantially identical to a cross-sectional dimension of all or at least part of the 

25 outer cladding features. Here, it is preferred that the centre-to-centre spacing between inner 
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.ladd,„g features ,s larger .han .he cen.re-,o«n.re spacng between ou.er cMd.ng 



features. 



Accord,ng ,o an embodinren, of ,he .nven.ion, .he nunrber of inner Cadd.ng fea.nres n,ay 
5 be lower .ban 6, such as equal .o 4, such as equal .o 3, such as equal .o 2^ 

I. Is also w„hin enrbodimen.s of .he second aspect of .he inven.ion .ha. .he refracuve index 
of ,he ,nner cladding maierial ,s subs.an.,a.ly iden.ical ,o or larger .han ,he refractive ,ndex 
of the outer cladding material. 

' ° ,n a preferred enrbodiment, .he refractive index of the inner cladd.ng material ,s larger than 
.,e rcfractrve index of the outer cladding nra.er.a. and the ,n„er cladd.ng fearures ,n .he 

fea.ures in the cross-section occupy an area. F. of the ou.er cladd.ng reg.on, and F, is 
15 equal to or larger than F. In th.s preferred embod,n,ent, .he higher .ftaCve .ndex of the 

maintains the relation NpNo- 

.ccordin. .0 an enrbod.nrent of the .nven.ron, the refractive ,ndex of one or nrore of ,he 

material. This nray also help .n obtaining a ra.sed ,nner cladding region. Here, .he 
.fracve index of a n.a,on.y or all of .he ,nner cladding fea.ures may be higher .han .he 
refractive index of the inner cladding material. 
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Howeve. i. a.so w,..„ e..oa,.en,s of inve.ion .e ...c.vc .de. of one o,- 

, ■ ■ H . „f , maioritv or all of the inner cladding features may 
material. Here, the refiaettve index of a majority 

be lower than the refraetive index of the inner eladding nraterial. 

' The second aspect of the present tnven.ron also covers an enrhodi.ent .n whrch the oater 

.herein the ftrst c.add.ng material thereby constttnting an outer claddtng material and the 
,,dmg features disposed in the «rst claddtn, materia, const.tutrng a mult.pltc. of 

„.eriaf In one emhod.men. the refractive index of the core features is larger than the 
,,_than the refractive ,„dcxofthe,n„ercladdmgn,ate„a,.However,manal,er„at,ve 
. emhodiment, the refraettve index of the core features may he lower than the refractive 

.He refractive ,„dexofsaid,nnercladdingma,er,a, being largerthan the refractive rndexof 

may he ahou.e.ualtoor larger thauthe refraetive indexoftheoutercladdtng material, 
porrihres according to the second aspec.of.he invention having an outercladdtng region 

ma.er,al. However, in a prefe.ed emhodtmen., .he refractive ,ndex of one or more, a 
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cladding material. 

„„e 0, .0. on. co.e .a..s . ,ow. .an ..ac,.e ... on. CO. 

material. 

e™— or .e seco. a.pec. of .e ..aoUve .de. „r co. 

...a. . — '» - " '""^ 

.a,ena. T.e a.vanta.es of .Ms e™W,.e. a. s,.„a. .„ .ose .esc„.ea . *e 
,,ec. en. — . ■„ a„o.e. o. fu„h. ..ac,,ve ,„a. on. ^ 

„.e„aUs— ..e„acaUo...«.ei„a.or..o„,.^ 

aspect of the invention. 

e™.oa™e„.s acco.,n. . seco„a aspec, .a™, co. — co. rea..es 

,„:e„„o„ ... CO. .a... .ve a ce„.™..e .ae™. .i. ... .. 

„„™...ac,„.or..,n„e.c,aaa..rea.u..™.ano„s.„..^^ 

shaping. 

... c,aaa,„. rca..es .a, occp, .... 30. . .. c.oss«c..o„ . .. o.e. 
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exhibited. 

,„ a p.efe.ea e™„o.™e„, of .H. secon. a.pec. of ,nve„,io„, .he ,„ne. an.o, ou.e, 
e,adc>,„.fea..es.ay.epenod,can,disposed.™s.ayan„wope„.,o„b.PBOeffec., 

„sed fabocon .ecH„,c,ues favou. .e „se of Cose-pac.ed Cadd.g rea,.e. - hence, .he 
,ea.u.es.ayhepen„aiefea..es.hisa,.ow,.h,„a„e.hod,™„.„f.hei„ve„„o„.haUhe 

„ penod,ca, co.e features, Th. is adva„,a,eous fo. s,.l>a. .eason. as 

described in the first aspect of the inveiition. 

,„ . p.efe.ed e..od,n,e„. of .he second aspec. of .he .nven.ion, .he co.e has a d.a.e.e. 
. _,en..h dispe.s,o„ eo.pe„sa..o„ sche.es. The advan.ases of .h.s p.fe.ed 

,™ .0 C pn.. The adva„.ges of hav.ng eo.e d.a.e.ers whhin .hese ranges a.e .o p.ov.dc 
f„,es f„. h„h power appUca.ions, for ,„wenn,ehn,i„a..o„ of non-hnea. effec.s, and,.. 
20 for lo« coupling losses <o standard ..ansnrission fibres. 

,a,ures nra, have a spacing ,n .he range of ahon. O.i .0 .0 .inres .he wave>eng.h of any 
Hgb.g.ded.hro.,gh.hefihre,snehas.n.heranseofahon.0,5.o,,snchas.n.herangeof 
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abou, 1 to 2, such as in .he range of about 2 to 5, such as in the range of about 5 ,o 10. The 
potential of dimensioning the cladding features within the abov.descr,bed ranges provides 
a high tlexrbihty when tailortng the disperston properties for specific applications. I, is 
i„ponant that strong dtspersicn may well be obtained for small cladd.ng features. This ,s 
attributed to the fact that a ratsed tnner claddmg region may well be obtained even for 
small cladding features - hence, providing a shifting wavelength. 



,„ a preferred embodiment of the second aspect of ,he invention, the core features may 
have a spacing m the range of about 0.1 to 10 times the wavelength of any light guided 
,0 through .he fibre, such as in the range of abou. 0.5 .o 1. such as ,n .he range of abou. 1 ,o 
2. such as in .he range of abou. 2 .o 5. such as in .he range of abou. 5 to 10. As for the 
above-descrrbed embod.men., .h,s embodiment ensures a large flexrbility of the present 
,„ven„on with respect to specific applicattons. The second aspect of the present invenhon 
also covers embodiments where the core features have a spacing in the range of about 0.1 
15 pm .0 10 pm, such as in .he range of about 0.5 pm to 1 pm, such as ,n the range of about 1 
pm to 2 pm. such as in the range of about 2pm to 5 pm. such as in the range of about 5 
pm to 10 pm. Again this embod.merr. ensures a large flexrbiliry of .he presen. inven.ion 
with respect to specific applications. 

20 For .he fibres according .o .he second aspee. of .he invenuon. any of .he core features 
and/or any of ,he inner or the outer eladd.g features may be vo.ds. The advantages of th.s 
preferred embodimem are similar to those described in .he first aspect of the mvent,on. 
Thus, one or more, a majority or all of the core features may be voids and/or one or more, 
a majorrty or all of the tnner cladd.ng features may be vo.ds. It is also within the second 
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containing air, another gas, or a vacuum. 

that one or more, a nra,or,.y or ail of the outer cladding features may be rods. 

,0 Simtlar to embodt.ents of tire first aspect of tlre inventton, the second aspect of the 
invention also covers embodiments wltere one or more of .he core features and,„r tbe 
Caddtns features are voids contaimng po,ymer(s,, a material providing an mcreased tb.rd- 
„aern„n-linear..,apboto-sens,tivema.erial,orarareeartH material. Sucbembodrments 

the real,za.,on of vanous applications, sucb as fibre laser, amplt.iers, wavelengtlr 

1 5 converters, optical switches etc. 

,.ention may be designed for guid.n, „gbt wttb wavelengtMs) ,n tbe range from about 
03pmtol5pm,sucbasfr„mabout0.5.mto,.6pm,sucbasfromaboutl.0pmto2.0 

appl,ca.,on will ma.nly be of interest for appl.cations wbere „gbt ,n vanous 
.ve„.,on.Duetotl,efact.batasigmfiea„.fract,on„ftl.eHgbtmaymfactbegu,dedmtbe 
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,,.ea„o„ r,„. s.*„ce of . wave,.... .Ha, a. p..,«. 

„™„3,„.b>e u... c„„ve„Uon. o,,c. n.es. He.e, *e fi.es prese„.d . 
.pp,:ca..o„ ™, be .....ed fo, «.<.ance of .i.M a. bo. .ia-,„..ca wavc,en,Hs - .e 
„.e,e„,. .anses fro. a™„„. . fo 3 - as we., as fo. n,.- .„ .a..frare. 
5 wavelengths - sueb as ,he wavelength range front around 5 ^tnt to , 5 ,n,^ 

P„.ara„gecfappl,ea..ons,snehase.g.a.spersio„co.pe„sa„o„inDWOMs,s.ents,i.ts 
p^efetredntatthefthres accord., to the present tnventtonareaestgned for gu,d,„g„gh,at 

several predetermined wavelengths. 
\,epresent invention further rCatestoathird aspect, accordtng to whlchtheretsprovtded 

.„iele oontprtsln. a nttcro-stmctnred opttca, fthre fot gn.d.ng Itght at an operat.ng 
wavelength, said optical r,hrehavlnganax,a,dlrecttonandacrosssec„onpe.endic„,att„ 

the opttcal rthte contpr.stng a cote region hav.ng an eflecttve 

„nlt,pllclt,ofspaccd apart innercladdtngfeatntesthatate elongated ,nthea.ald,rec.lon 
anddtsposedtnanlnnercladdtng — theinnerc,add.ngreg,o„he.„gs— dh. 

,„„areftact,ve,ndexof.he.nnere,aadt„g.a.er.a,, the tnnerCaddtng region havtn, an 

.,ex N. Wherein N, ,s larger than H a. the operating wavelength, and wherein the core 
„g,o„ ,s a substantially solid core .ade of a core ntaterial, sa,d core region havtng an 
effective refractive tndex N„ being larger than N. a. the operat.ng wavelength. It ,s 
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refractive index of the outer cladding material. 



,r 3.ou,d be understood that the anicle according to any e.bodinren. of the third aspect of 
invention may be an optica, fibre communicating system or a par, of an optica, fibre 
communtcating system such as the micro-structured optical fibre t.self 



5 

the 



a preferred embodiment of .he th.rd aspect of the invent.on there ,s provided an antCe 
,0 compnstng a mtcro-stmctured ophca, fibre for gu.ding „gh. at an opera.mg wavelength, 
said optica, fibre hav.ng an axra, dtrect.on and a cross section perpendicular to satd a.a, 
drrectton, the opt.cal fibre compnstng a core regton havtng an effective refrac.rve tndex 
N and being surrounded by an inner cladding regton that comprrses a mnlttphcty of 

,5 ,„ an inner cladding ma.enal, the rnner Cadd.ng regton being sut^ounded by an outer 
e,adding regton that composes a muhiphctty of spaced apart outer Caddrng fearures that 

features havrngarefraciverndex that d,ffersfromarefraet,ve,nde.ofthe inner Caddrng 



outer ck 
No, wherein: 
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N, ,s larger ,han N, at the operatrng wavelength, the core reg.on ,s a substanfally sohd 
core with a core diameter around or below 4 ^nt and w,th an effect.ve refracttve index H,. 
being larger than N, a, the operating wavelength, the centre to centre .pacing or pitch of 

5 dtanreter or cross secttonal dimension, d. fulfilltng the re,uirement that d,/.^, is e,ual to or 

dianteter or cross sectional dtmenston, d. Mfill.ng the requrrement that d./A„ is e<,nal to 
or above 0.4. Tlre nticro-structured fibre exhibits non-linear opt.cal effects at wavelengths 
to around 1.5 nr. such as ,„ .he wavelength range fron, 1.4 n, to 1.6 nt. 

For the third aspect of the invention it is preferred that H. is larger than N, for all 
wavelengths of optical radiation which can be guided by the nttcro-structured fibre. It is 
also prefetred that the effective refractive tndex difference between the core reg.on and the 
1 5 inner cladding region is greater than about 5%. 

According to a preferred e.bodinrent of the third aspec, of the invention, the core region 
,„d the inner cladding regton are ntutually adapted so that the nricro-stmctured fibre 
exhrbrts a substantially .ero dispersion or near-zero dispersion wavelength wtthin the 

the range of 1 .52 pn, to 1 ,58 pnt. ,t ,s also w.thin a prefe.ed entbodi.ent that the centre to 

in the range of 1 |im to 1 .5 ^m, 
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„ also in accordance wi,h ,hc third aspect of .Ire inve„,o„ .ha. .he number of inner 
cladd,ng fea.ures ,s h.gher .han or equal .o 6. Here, .he inner claddrng feainres may have a 
dianrcer or cross sec.ional dimension, d, and a een,re .o cen.re spacing or pi.ch. A,. 
5 minihng .he reqnirenren. ,ha, d./A, is in *e range from 0.2 .o 0.4, such as abon. 0.3. The 
,h,rd aspec. also covers enrbodimen.s wherein .he cen.re .o cenrre spacing or p,.eh of .he 
outer cladding fea.ures. A, , is subs.an.ially e,ua, .„ .he centre .o cen.re spacng or pr.ch of 
the inner cladding features, A;. 

,0 m a preferred embodimen. of .he .hird aspec. of .be inven.ton, all or a, leas. par. of .he 
mner claddrng fealures have a dtame.er or eros.sec.ional dimens.on being snbs.an.,ally 
idemicai .0 a dtamcer or cros.seCona, dimension of all or a. leas. par. of .he ou.er 
cladding fearures. Tbe number of inner cladding feamrcs may be lower .han 6, such as 

spacing bcween ou.er cladding fea.ures Furtbennore. the ,nner cladding features nray 
have a diameter or cross sect.onal dimension, d. and a centre to centre spacing or pitch. A., 
fulftllmg the requirement that d/A, is in the range from 0.25 .0 0.5, in the range from 0.28 
to 0.57, o, in .he range from 0.35 to 0.7, It is further preferred that .be outer cladd.ng 
20 features are arranged ,n concentric manners formtng concentnc annular regions 
surrounding the core. Preferably .he number of coneentrtc rings of cladd.ng features ,s two 
or larger than two, sucb as three, four or five or more rings. The separatron between rings 
„ay be tdenticai for all nngs or the separat.on between rtngs may be varymg m different 
manners in order to further tarlor the waveguidmg propert.es of the fibres. In a preferred 
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• 1 In Tnnther nreferred embodiment, 

embodiment, .he separation between nngs ,s dectea.ntg. In another prele 

the separation between rings is increasing. 

,3 preferred that the centre ,„ centre spacing or p.tch of the outer cladding features.A,, is 
, around or be,„w2.n,,suchas around or be,ow,.5^n,, such as ar„und,.4ttnr,or,n the 
rangeof,.n,to2t.nt.suchas,nthera„geof,t.nt,o,.5 .nr. The outereiadding features 
™,pref=rab>yhavead,a„teter or cross sectional d,n,ensio„,d.fu,f,h,ng the requirement 

about 0.6. 

10 

Por embodiments accordtngto .he thtrdaspeetofthetnvention, it isprefe.edthat.hecore 
below 2 ,m, such as around or below 1.5 pm. It .s also within an embodiment of ,he 

.„d,or the outer Caddtng material. ,„ a prefe.ed embod.ment, the inner and/or central 
20 the background index of the core or the outer portion of the core. 

The thtrd aspect of the tnventton also covers embodiments having dtfferen. relattons 
.egions. ,n one embodiment, a. least part of the core region has a refracttve tndex betng 



40 

substantially identical to the refractive index of the inner and/or outer claddrng region 
material^ In another embodiment, at least part of the core reg.on has a refractive index 
being larger than the refractive index of the inner and/or outer cladding region material. In 
yet another embodiment, a, least part of the core region has a lower refractive index than 
5 the refractive index of the inner cladding material and/or the outer cladding material 

,t is prefetred that the inner cladding features are voids and/or rods having a lower 
refractive index than the inner cladding material. I. is also preferred that the outer cladding 
features are voids and/or rods having a lower refractive index than the outer cladding 
10 material. For embodiments having cladding features being vo.ds, such cladding features 
may be voids contaming air, another gas, or a vacuum. The claddrng feature may also or 
alternatively be voids contaimng polymer(s), a material providing an increased thtrd-order 
non-lineanty, a photo-sensitive material, or a rare earth material. 

15 According to an embodiment of the thrrd aspect of the invention, all or at least pan of the 
inner cladding features may have a cross-sectional dimension being smaller than a eross- 
sectronal drmension of .he outer cladding features. It is also within an embodiment of the 
invention that the refractive index of the inner cladding material is substamially identical 
to the refractive index of the outer cladding material. 

20 

The third aspect of the invention also covers embodiments where the inner cladding 
features in the cross-section occupy in total a ratio, F„ of the inner cladding region, and the 
outer cladding features in the cross-section occupy rn total a ration. P., of the outer 
cladding region, and Pi is smaller than P„. 

25 
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„ .hould be understood >ha> the diffeten. materials „ray be selected as background matertal 
for the core region and/or the eladd.ng regions for the ftbres of .he different aspects of ihe 
present inventton. Thus, the core region and/or the cladding regions may compose sihca. 

5 U also withtn embodtments of the aspects of the inventton that the core and/or any of the 
cladding materials contains polymerfs). comprtse a dopant (e.g. an active or photosensitive 
material) or a material showing htgher order (non-linear, optical effects. Thus, the core 
region and/or any of the cladding regions may comprise materials providing an increased 
third-order non-linearity, materials that are photo-sensitive matenal(s), or are rare earth 

10 material(s). 

The use of polymerts) as background material for the ftbres allows potentially cheap and 
very flexible fabncalion of the fibres covered by the present invention, 

15 The use of the above mentioned materials for the core and/or cladding regions allows the 
realization of various applications, such as fibre laser, ampl.fiers. wavelength conveners, 
optical switches etc. Higher order (non-linear) effects may be used for e,g.. sohton 
communication or more generally in applications, where non-hn.r effects are mfluenctng 
the propagation properties of stgnals in optical communication systems. This also includes 
20 realtsation of components for optical signal processtng and for swttching. Espectally for 
applications for fibre lasers or fibre amplifiers, the dopam ,n the core or the cladding may 
be e.g„ a rare-earth dopant adapted to receive pump radiation and amplify radtanon 
travelling in the core region. The dopant may also be a light sensitive dopant, such as 
Germanium. In that simation, the dopan, may be used for e.g, opttcally writing a grafing in 
25 the fibre or core region. Of particular interest is the use of photosensttive materials to allow 
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.„.,,„eawHM.e.ar«e™aea,ea,areve.a«ac.wero...hpo.ern.e,as«s. 

PO, a or appHcations, I. ,s aes.a.e .o co„.o. *e po,an.a,o„ of ..h. «u.e. 

n.e ™a.e H .mC. .o co.p.e.e, e„.i„a.e ,„ .he r.. c.o.- 

M .Hose s.,.M . .he a« - — e, ..s .eans ..a. .He , n,o.e of 

™e.o— .-,H.e. w,„ Have ..o nea.ly .e.e„e..e po— ..a.es. fo. n.,c.o- 

.„.,avea,owH,«,we«n,.o.e.He..po,a„.a.io„..a.e.as— ^ 

Po. ™ie.o— ..es wHe. on .He o.He. Ha„a, po>an.a,i„„ e.ec.s a.e 
,e.ea, .He „o„.ae„ n,ay He epHanced «H .Ha. .He H..efn.e„ce ea„ .eacH .eve. 

„> .oae con.s.,n. . ..o — . — e,a.e po>an.a.,o„ s.a.es. .0. 
, , .„se of appHea.io„s, .cH as e* f« H,H prec.s.on H.Ho,apH,e sys.e.s, ,. ,s 
aes.ea ,0 Have r,H.es wUH H.H H.e«n,e„ce^ THe.fo«, .He a.ffe.e. aspee.s of .He 
,ese„. inve„.,o„ eove. e^Hoa.en. wi,H r..es .Ha. ,.ae ...H. in .vo suHs.an.ia,.. „o„- 
,,_.e po— s.a.es. To ,ua„.i. .He s,,„.n, of .He po—s s.a.e. .He 
,„ve„.;„„ cove. p.efe.ea e.Hoai.e„.s, wHe.e .He n.e Hi.efnn.nce Ua. ,eas. .O" . s.cH 
20 as at least loA such as at least 10^ 

p.ese„. ,„ve„„on cove. e.Hoa..e„.s wHe.e.n sHape of .He co.e ..00 ,s esse„.,a,. 
,,eu,a. 0. en,p.,ea,, a„a,o. wHe.e. .He co.e .e.ion Has a s— , .0.0M s„ 
„.eH .av He oH.a,nea f.o. a.a„se™n. of ,He co.e fea.u.es .„ a s— .»o-f„.a 
,„,.e.ne ^anne.. , .He .nven.ion eove. e.Hoai.en.s „He.,„ .He co. 
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cross-section. 



To control the degree of birefringence, i, ,s preferred to have Hbres with a core region 
having either small or large degree of asymmetry. This may be obtained by a core region, 
5 ,n which the core features have a non-crrcular symmetric shape in the fibre crosssection. It 
may also or alteraatively be obtained either by positioning of the core features in an 
asymmetric manner, in an otherwise symmetric core region, or by havtng an asymmet^ in 
the actual shape of the core region. Naturally, combinations of the afore-mentioned cases 
may also be employed. By asymmetry ,s here meant a deviation away from a circular 
10 symmetrrc shape or away from a quadratic, a hexagonal or a symmetnc, higher order 
polynomial shape. The presem invention, therefore, covers preferred embodiments with 
the above-described manners of applyrng asymmetry to the core region. However, the 
mvemion may also cover embodiments in which the shape of the core regton is 
substantially rectangular in the fibre cross.ecti„n. Fibres according to the present 
,5 invemion may often have a solid overcladding sunrounding the micro-structured cladding 
and core regions. Typically, this overcladding will consist of silrca having a higher 
refractive index than the micro-structured cladding region in order to sttnp off claddtng 
modes. 

3-descnbed embodiments, it has been assumed that the core and 



20 In some of the above-c 

cladding features have a lower refractive index than the core and cladding ma.enal (the 
I reason f 

I voids such as air holes, hence 



background material of these regrons). The reason for this ,s that micro-stntctured fibres 



commonly are fabricated such that the cladding feahrres a 
the features have a lower refractive index than the survoundrng background material. It is. 



however, imponam ,0 notice tha, .he invemions and .cieas desor.bed in ,his applica„on are 
also valid and may be ulihzed in the ease of higl>index ieatures. 

The present invention also eovers ftbres, where the eladding fea.nres are plaeed in 
5 eoneentrie manners, such as in concentric annnlar regtons surroundrng the core. 



The present tnvention also covers fibres, where the eladding features are tncreasmg in s,ze 



with respect to their distance to the centre of the core. 



10 Brief descripi io" "f the drawings: 



Ulustrates schemancally the des.gn of a typical ..ro-sUuctured fibre known fron. 



Fig. 1 
the prior art. 



1 5 Fig. 2 illustrates the core region of the fibre m Fig. 1 . 



Pig. 3 shows a scann.ng electron nr.crograph of a real, .icro-structured fibre with a design 
known from the prior art. 

20 4 Shows the mode field distnbution of the fundamental mode of a mtcro-structured 



ng, 5 shows the drsperston properties of mrcrostructured fibres wr.h relahvely small 

cladding air holes. 

25 
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Pig. 6 shows .he cu,-off propenies of a n,icro-s,r„c.ured f.brc wi,h a design known fro. 
the prior art. 

F,g. 7 shows the mode Held distribution of the seeond-order mode of a mtero-structuted 
5 fibre. The two lobes of the mode field have a .80 degree phase reversal between them 
which is indicated by the plus and minus signs. 

Fig. 8 Illustrates a fibre according to the present tnventlon. The fibre has a core reg.on 
containtng a multlphcity of core features. The core features are smaller in s.ze and more 
1 0 closely spaced than the cladding features. 

F,g. , shows a elose-up of the core region (and the mner par, of the claddtng reg.on, for 
the fibre in Fig. 8. 

15 F,g ,0 shows another fibre accordmg to the presem tnvention. The fibre has core and 
eiadding features positioned at the same places as the fibre ,n F,g. 8, but the cladding 
features are significantly larger. 

Fig. ,1 tllustrates a prior art fibre with a high filling fraction In the cladding. The fibre 
20 suppons a high number of guided modes (only the effeettve index ( « of the 
fundamental and second-order mode are illustrated). The dark area indicates claddmg 
modes. The fundamental mode d.splays anractive dispersion properttes, bu, these cannot 
,e utilized ,n practice since the fundamental mode will couple to the .cond-order mode. 
The fibre structure is illustrated in the right part of the figure. 

25 
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F,g. 12 illustrates a fibre wUh micro-structured core regior.. The core holes introduce a 
suppression of both the fundamental and second-order mode (as well as for all other modes 
guided by the fibre - which are for reasons of clarity not illustrated). The fundamental 
mode still exhibits attractive dispersion properties. The second-order mode cuVoff is 

5 shifted towards shorter wavelengths compared to the prior art fibre ^ see Fig. 11 The 
cladding holes are spaced further away from each other compared to the core holes, and 
the air filling fraction in the core region is significantly lower than m the cladding region. 
This effect is caused by the effective indices of the guided modes being lowered. This is 
caused by the core region havmg an effecfive index, which is lower than the refractive 

1 0 index of the core in the prior art fibre. 

Fig. 13 illustrates a fibre with micro- structured core region. The core holes introduce a 
complete suppression of all other modes than the fiindamental mode. The fundamental 
mode still exhibits attractive dispersion properties and the fundamental mode has a 
15 relatively large fraction of the light guided m air. This amount of light that is guidedin air 
is roughly related to the ' k-v.luc, where a /A-value closer to one means a larger degree 
of air guidance. The claddmg holes are spaced further away from each other compared to 
the core holes, and the air filling fraction in the core region is lower than m the cladding 
region. 

20 

F,g. 14 schematically shows the dispersion properties at visible to near-infrared 
wavelength of the fibre in Fig 13. 

Fig. 15 Illustrates schematically the operation of dispersion compensating fibres known 
25 from the prior art. 
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Fig. 16 illustrates schematK:ally the operation of dispersion compensating fibres disclosed 
in this application. 

5 Fig. 17 shows a fibre according to the present invention. The fibre has a solid core that has 
a lower refractive index than the refractive index of the background cladding material and 
a raised, micro-structured, inner cladding region. 

Fig. 18 illustrates schematically the operation of dispersion compensating fibres disclosed 
1 0 in this application. 

Fig. 19 shows a further example of a fibre according to the present mvention. The fibre has 
a raised, micro-structured, inner cladding region. 

15 Fig. 20 shows yet another example of a fibre according to the present mvenfion. The fibre 
has micro-structured core region and a raised, micro-structured, inner claddmg region. 

Hg. 21 Illustrates the operation of the Fibre m Fig. 20 through the use of effecfive 
refractive index considerations. 

20 

Fig. 22 shows a simplified illustration of the operafion of the fibre in Fig. 20. 

Fig. 23 shows the dispersion properties of a fibre according to the present invention. The 
dispersion at near-infrared wavelengths is lower than -4000 ps/km/nm. 

25 
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Fig. 24 shows yet another example of a f.bre des.gn according to the present invention. 

Fig. 25 shows yet another example of a fibre design according to the prescm invention. 

, Fig. 26 illustrates schematically another type of fibre design with a micro-staictured core 
region according to the present invention. This type of fibre design is used for fibres 
operating by PBG effects. 



Fig. 27 Illustrates schematically the operation of other dispersion compensating fibres 
1 0 disclosed in this application. 

Fig. 28 shows an example of a fibre w„h a ,a,sed, inner cladd.ng for non-linear 

applications at wavelengths around 1 .5 m. 

15 Fig. 29 shows an example of a fibre with a specific core index profile that may be 
advantageous for non-linear applications. 

Fig. 30 shows the d.spersion properties of serres fibres according to the present invention 

for various pitches. 

20 

F.g. 31 shows the dispersion properties of another series fibres according to the present 
invention for various pitches. 

Fig. 32 shows the mode field of a fibre according to the present invenfion. 

25 
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Fi,. 33 show. ,he dispersion properties of ye, a„o,her series fibres according to ,he present 
invention for various pitches. 

Fig^ 34 shows an exanrp.e of a fibre with a ra.sed, inner cladCng for d.spers.on slope 
5 compensation at wavelengths around 1.5 m. 



Fig. 



35 shows the mode field of a fibre according to the present invention. 



F.g. 36 shows another example of a fibre according to the present invention. The fibre has 
1 0 4 innermost cladding features providing a raised, inner cladding. 



Fig. 



37 shows the dispersion properties of the fibre in Fig. 36 



Fig. 38 show; 
15 1.55 m. 



the mode field distribution of the fibre in Fig. 36 at a wavelength of 



Pig. 39 shows yet another example of a fibre according to the present invention with a 
raised, inner cladding. 

20 DetHlMieSSli^^ 

A ,yp,ca. nricro-strucured fibre known fron, .he prior ar, .s illustrated schenrattcally ,n 
Fig. 1. The figure shows a cros.section of the fibre. The fibre consists of a background 
material (10) and ,. is invarrant in the longrtudinal direction (the drreetton perpendicular to 
the illustrated cross-section) and it has a cladding regron characten.cd by an array of 

25 features ,11) running along the fibre axts. In the pnor art, the ntost eonrnronly used 
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b.cksr„und ,.a.cna, ,s si.ica and .he features a. n,o. cc.only air ho.es. The ho.e, are 
;„ .h,. case arranged pen„<.iea..y ,in a so-eahed close-paeRed o, ,na„,.a. a.an.c™,,.), 
,he holes „,ay a.so he „o„-penod,ca,.y o. .a„do„,.y d,s.nbu.ed (see e., Mon.. 
reference), .n .he centre of .he fibre ,12, a single ho,e has heen ,ef. on. ,n order .o fonn a 
S hish.,ndex core region. ,n F,, 2, .he core region ,s sche.a.,ca,, „ins.ra,ed ,20, aiong 
„i.h .he ce„.re-.o.cen.re d.stance between .»o neares. a,, ho.es, . In .he case of nr.cro- 
.„c.ured fibres wi.h penod.cai.y arranged holes, these fonnr in the cros.section a .wo- 
dimensionally periodic lattice w,th a la..ice constant equal to . 

,0 M,er„-s.roc.ured fibres are conrnronly fabnca.ed nsing a relatively s.ntple procedure, 

.rawn ,nto fibre us.ng a conventional tower setup. Vanous lattice st^ctures ntay be 
realized using .h,s.ech„i,uebypositio„,ng rods and tubesdur-ngthestaclctng process ,na 

close.pae.ed arrangenrent. Such preforms are readily drawn to di.ens.ons, where cen.re- 
.= .o.centrespac,ngbetweentwonearestairbo,esn,aybelesstha„2.0 nt, while preserving 
..e ,„,tial air hole latttee ,n the cross-section of the fibres. Fig. 3 shows an exanrple of a 
final ^icro-structured fibre - w,th a regular a,r hole arrangenrent - that has been real.zed 
„,„g a so-called staelc-and-draw process. The fibre ,n Fig. 3 has a.r holes arranged ,n a 
...angular ,a„ice, and a high-.ndex core ,s fomred by the ontisston of a single air hole. 
,0 Light nray be guided efficently ,n the core region of ..cro-structured fibres, and an 
example of the fundamental mode .ha. is gu.ded in micro.stn.ctured fibre known from the 
prior art is illustrated in Fig. 4. 

„, 5 shows .he dispersion properties at „ear-,nfrared wavelengths of a senes of typ.cal 
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micro-s 



.„.s,ruc.urcd fibres known from .he pr.or ar,. The fibres have all a <ies,gn as shown ,n 
,, bu. the c,add,ng air holes arc vaned from,// - OAO to 0.45, .he s^ula.ion of the 
fibres is for a fixed valrre of 23 m. The dispersion properties are simulated using a 
Ml-vectonal nrode-soWer as a function of wavelength. From *c figure, it is first noted 
5 that for vety small air hole sizes, e.g., when the tnfluencc of the air holes ,s strongly 
limited, the dispersion curve is very close to the material dispersion of pure s.lica (zero 
d,spersion wavelength around 1.3 m). As the dtanreter of the air holes ,s tncreased, the 
waveguide disperston becomes increasingl, strong. Thts shows tha, the wavegu,de 
drspersion may be positive a, wavelengths below U m, wh.le the fibres simulated m 
,0 F,g. 5 are all stngle-mode due to the relattvely small stze of the cladd.ng holes equal 
,0 or less than 0.45). These dispersion properties are well known for micro«,.ctured 
fibres, bu. are unattainable for c„nven.,onal optical fibres. Such disperse, propert.es may 
be u.ilized in applications such as white-light and soliton generators. 

,5 The arr.filUng fraction is a Icey parameter to increase in order to mrtber increase the 
dispersion of micro-structured fibres. This may be desired in order to shift the zero- 
drspersion to even shorter wavelengths than presenfly possible, or to allow the use of 
shorter fibre length for obtaining a gtven dtspersion effect. It is, however, well known from 
.,e prior art that mtcro-structured fibres may become multi-mode for large cladding a,r- 

i„ order for the poor art fibres to he strietiy single-mode at all wavelengths ,s about 
,1 =0.45 (sec e.g. Birks e, al. Optical Fiber Communication Conference, paper. FG+1, 
1999.). 
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The cut-off properties of pr.or an nricro-struc.rrred fibres may be understood from F,g^ 6, 
which shows the effective tndex of ,he guided modes of a micro-structured fibre with 
relatively large a,r holes in the cladding rcgton. The cladding air holes are idertieal and 
they have a size ,// ^0,6, where <l is the air hole diameter, and is the eentre-to-cen.re 
6 spacing of two nearest air holes. The figure shows addttionally the effective refractive 
indices of the core region and the cladding regton. The core region is made of pure siUca 
and it is. therefore, equal to 1.45 (which is a representative value for silica a. visible to 
near-infrared wavelengths). Tlre cladding region on the other hand contains air holes which 
ac, to lower the effective refractive index significantly below the index of the core region. 
,0 The fibre supports at least two modes and the mode-field distribution of the second-order 
mode is illustrated in Fig. 7. The second-order mode has a mode cuVoff wavelength of 
,1.5. Hence, to avoid the second-order mode at e.g. a wavelength of 632nm, the centre- 
to-centre hole spacing, , must be sealed to less than 1 ra. For the specific fibre in Fig. 4, 
this gives a core diameter of less than 2 m (the core diameter may be approximated by 
1 5 two times . for the specific design). 

,„ contrast to the fibre of the pnor art. the present inventors have realised how to increase 
the features significantly above Jl =0.45 (and thereby obtain the desired drspersion 
properties thrs grves access to, while keeping the fibres substantially singl<.mode at all 
20 wavelengths. Thts is obtained by applying into the core regron elongated features with a 
size that is smaller than the size of the cladding features, while a, the same time the core 
feature spacing is smaller than the cladding feature spacing. Hereby, the present inventors 
have realised that ,he cut-ofT wavelength of any higher order modes may be pushed to very 
short wavelength - and for certain fibre dimension the second-order mode cut-off may be 
25 completely eliminated even for fibres with large features in the cladding. Figure 8 shows 
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schematically a fibre accordmg to the present nwent.on, which has a background matenal 
(80) contaming claddmg features (81) of diameter, and spacing, and a core region 
(82) that contains (in this case) seven core features (83). A close-up of the core region is 
schemafically illustrated in Fig. 9, where the core feature diameter, J. and the core feature 
5 centre-to-centrc spacing, „ is illustrated. The fibre in Fig, 8 and 9 is characterized by 
4,>./, and ,> ,. While the Figures 8 and 9, show a fibre according to the invention with 
medium sized cladding features, fibres with even larger cladding features {dj c larger 
than 0.6) will be further advantageous when core features are provided. Fig. 10 shows a 
schematic example of a fibre accordmg to the present invenfion with large cladding 
10 features (100) and smaller features (101) in the core region. 

To Illustrate the findings of the present inventors, the figures 11 to 13 documents how it is 
possible to eliminate the second-order mode (as well as any higher-order modes) by 
introducing features into the core region of a fibre with very large claddmg features. In the 
15 specific example, the fibre consists of pure silica with features made of air. The cladding 
features have in the specific example a size of d/ =0.9. However, also for smaller 
cladding features it will be advantageous to introduce features into the core region. Fig. 1 1 
Illustrates the operation of fibre with a solid core (a fibre design that is taown from the 
prior art). The figure shows the relation between propagation constant along the fibre axis, 
20 , and free space wavenumber, k, for modes in the fibre. The propagation constant is 
normalized with respect to the cladding feature spacing, . The fibre supports a multitude 
of guided modes, but only the two lowest order modes have been shown for reasons of 
clarity (the fundamental mode has the highest Ik value for a given value). The semi- 
mfinite, dark region (the region below the line corresponding to the effecfive refractive 
25 index of the cladding) illustrates the continuum of cladding modes existing in the fibre. In 



P 535 USOO ^11^ 

54 



this region the fibre canr^ot guide Ught efficiently alor,g its length in the fibre core. The 
nght side of the figure illustrates schematically the fibre morphology, where full Hnes 
illustrate the air holes. By introducing small features into the core region, the guided 
modes may be slightly pushed towards the dark region (tte non-guidmg region). This 
5 behaviour is illustrated m Fig. 12. If the core features are farther increased m size, but still 
obeying the conditions that they should be smaller and more closely spaced than the 
cladding features, then the second-order mode may be completely eliminated. This 
behaviour is illustrated in Fig. 13. The advantageous of the type of fibre shown in Fig. 13 
IS that a strong dispersion can be obtained (a result of the large claddmg features) while the 
10 fibre IS strictly single mode. TTiis can be used to shift the zero dispersion wavelength 
sigmficantly below 1.3 m, while maintaining single mode operation. Furthermore, the 
type of fibre shown in Fig. 13 will have a larger core size than a fibre with similar sized 
cladding elements that has to obey the requirement of single mode operation. For the fibre 
shown in Fig. 13, the core size may be larger than 2 m in diameter and operate with large 
15 dispersion at visible wavelengths. In fact the core diameter may easily be designed to be in 
the interval from 2 to 10 m for the type of fibre illustrated m Fig. 13. Core sizes within 
this interval are of importance for a range of specific applications, where a high coupling 
coefficient between micro-stnictured fibres and conventional fibres are required. As a 
further mean to improve the coupling to conventional fibres, it is desired to shape the mode 
20 field using a high number of core features. 

The fibres disclosed in this appHcafion have a micro-structured core region surrounded by 
a micro-structured cladding region. The core region should also in this respect preferably 
consist of more than 2 features in order to provide a sigmficant variation of the effective 
25 refractive index of the core region as a fanction of wavelength. 
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The d,spe,.on propen.es of ,he fibre shown in F,g, 13 arc s.mula.ed and presented ,n 



While .he present ,nven,ors have reaHzed .hat m.crcstruc.ured fibres nray be significantly 
5 ..proved by introducing a specifically designed micro-s,n,c,ure in the core region, i, 
inrportan, to notice that the nricro-structured cores only for certain wavelength ranges have 
an effechve refractive index ,ha. ,s h.gher than the cladding rcgion(s). Hence, the fibres 
„,,! only over a limited wavelength range guide l.ght in the core by T.R, This .s seen in 
Fig. 13 where a cut-off value exists for the fundamental mode, fhe fibres may, however, 
,0 also guide light outside the wavelength ranges where TIR takes place. This can result from 
waveguidance by PBG efTects, a waveguidance mechanism that can also be ut.li.ed ,n the 
fibres covered by the present invention. Thts re,u,res. however, that the cladd.ng reg.on 
has a periodic distnbufon of the cladding features. Such a requiremem is not necessaty for 
the majonty of fibres dtsclosed in this applicat.on which may well have non-penod.cally 
1 5 distributed cladding features (and guide light by TIR). 



..s documented by the discussion above, the effecnve index of the core micro-stntcture 
nray for certain wavelength regions be strongly wavelength dependent for fibres according 
to the present invention. This may provide the fibres w.th a relatively low core-cladding 
effecnve refractive index difference even for large cladding feantres. The low core- 
cladding effective refractive index difTerence represents the key issue that allows to 
suppress the second-order mode cut-off completely or to shift ,t to wavelengths shorter 
,Han a destred operattonal wavelength. Hereby the strong dispers.on of the fundamental 
mode can be achieved ,n the m.ero-struCured fibres whtle be.ng under s.ngl.mode 
operauon. According to the present invention, tt will be toher advantageous. ,f the 
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,ef.c.,ve ,nae. of ,he core background materia, is lower than .ha, of the background 
Caddrng ma.erra, ,c^g, if .he fibre ,s nrade of s„ica glass, .ha. .he sihca core n,a.er,a, is 
doped so .ha, is has a lower refraCve index .han .he claddrng background nra.erial), TOs 
„„1 ac. .0 farther suppress .he second-order mode c„.-off. As already nren.,oned ,hen ,. 
5 should be no.,ced ,ha, ,he fibres, d.sclosed in .hrs applicabon, nray be charae.er,.ed by a 
eu.-„ff wave,eng.h for .he fundan,en.al nrode, ,n which case ,he fibres w,l, no. .ransnri. 
Ugh, a. waveleng.hs shorter ,han a cerrain cnhcal value. This cu.-off waveleng.h nray, 
however, be des.gned to be shoner than a desrred operational waveleng,h. A further 
entbodimen, of the presen. invenfion includes ,nicro.s,ruc.ured fibres w,.h a core reg.on, 
to which is characenzed by a n,icros.rucmre having a differen, nt.crostructure than the 

effective index of the cladding a. long w.veleng.hs and becontes lower a. wavelengths 

ma,er,a, has been doped .o a lower nominal value ,han .he background nra.enal of .he 
,5 cladding n,icros,ruc,ure and/or .he core nr.cros.ruCure has a lower filling fraCcn than ,he 
claddtng nticrostrucure, 1, .s importan. ,o nottce that both the core and cladd.ng 
mrcrostructures may be substantially per.od.c or they may be non-per,„d,c. The core 
structure may, in pnnciple, be pertodically micro.tnrctured without paying respect .0 
,,He.her .he cladding structure is perrodically micrcstructured, and vice versa. The 
20 advantage of .he la.ter type of embodiment ,s that a more crcular symmetric mode field 
d,s.r,but,on .n the fibre cross-section may be obta.ned at a desired wavelength, Thts type 
of embodimen. may, however, no. provide a comple.e suppressron of .he second-order 
mode, A furrher way of provrding a smoothing of the mode field is by prov.d.og addit.ona, 
elements (either ring-shape features surrounding completely the core regton or discrete 
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elements s.eh a. air holes in a nng around .he eore centre, in close proxin,„y,o the core- 
cladding interface. 

,„ a prefe^d enrbodtment, the cladding has features of size,// larger than 0.45 - and .he 
5 eore region eonta.ns more than one elongated feamre (usually voids in .he fomr of air 
holes). Preferably .he number of core features is larger than 2 in order ,o ut.ltze .he eore 
fearures to shape the gu.ded ntode of the fibre to a destred profile. Us.ngjust a s.ngle hole 
will e,ther prov.de a single, centrally air hole- eaus.ng an undestred mode profile wt.h a 
low coupling coefficient with respect to Gaussian mode profiles ,.hat ,s the profile of 
,0 eonventtonal fibre) or cause an a-symmetne profile. Hence w.th the aid of two or more 
holes. a,e guided m„de(s) may be shaped to more destred profiles, wh.le a. the same ttme 
serving to push the second-order mode eu..„.T to short wavelengths. Furthermore, it is 
prefe^ed that .he number of signtfican.ly htgher .han 2, sueh as higher than 5 or h.gher 
.han 17 and tha. the spacing between eore feahtres becomes very small (much smaller than 
15 the wavelength of ligh, guided through .he fibre). By th.s. the light w„l not be able to 
avoid .he eore feamres, and a large ftaction of the ligh. may. eonsequen.ly, be guided 
wtthin the features. In a further preferred embodimen.. the features are voids containing 
air, a purified gas or vacuum, hence allowing a fibre to guide with low losses. 

20 Apart from the po.en.ial of sfrongly shifting the .ero-dispersion wavelength. Fig. 5 also 
shows a near-zero. broadband dispersion fiattened behaviour of costal fibres with,/,,/ 
around 0.30. Due to the exhibition of positive waveguide dispersion a, short wavelengths, 
.he disperston-flaitened range is in fact extended .0 wavelengths below 1.3 m down to 
approxima.e,y U m. The attractive potential for m.cro-struetured fibres of findtng use 

25 as a standard transmisston fibre in broadband optical eommunieation seem, therefore, w.th 
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respect ,0 ,he dispersion propemes, possible ,o f.ini^ The large lailorabilicy in the des.gn 
of the crystal fibres, with respect to air holes sizes, tapes and arrangements provides a 
further fruitful mean of tuning of the dispersion curve to obtain specific properties. Micro- 
structuring of the core as disclosed in this application provides further llex.bil.ty for 
5 designing fibres with fiat, near-zero dispersion over broad wavelength ranges. 

Yet another aspect of miero-s.,.c,ured fibres is their ability to provide dispersion 
compensation at near-infrared wavelengths - and at 1.55 n, in particular. The present 
mventors have real.sed how to provide a s.^ificantly higher degree of freedom for 
tailortng the negative d,spers,on of micro-structured fibres compared to both tradtt.onal 
,0 fibres and previously known micro-structured fibres. Tl,e present inverttors have realised a 
design-route for such micro-structured fibres, and the present tnventton discloses a number 
of specific design of micro-structured fibres with large negative dispersion. 

The fibres are characterized by a number of elongated cladding elemems surrounding a 
15 core region - and the cladding elements are designed in such a way that the field 
distribution of light guided through the fibre will be much more wavelength dependent 
eompared to any previously known fibre. Thts strong wavelength dependence provides the 
means for creating opttcal fibres w,th extremely strong dispersion. The presem invention, 
therefore, includes designs of novel types of dispersion manipulating optical fibres that are 
20 able to compensate - over a small fibre length - the dtspersion of conventional optical 
fibres that are already installed in many telecommunication systems. Hence, fibres 
according to the present invention may be utilized as short dispersion compensat.ng 
components that can be inserted into existing systems. 
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conventional optical fibres may be designed to exhibit nomtal dispersion, Sueh fibres are 
widely used on a eonimercial basis to provide dispersion eompensation in opt.cal fibres 
systems that are upgraded from operation at wavelength around 1.3 m to operation at 
wavelengths around 1 ,55 m. These dispersion-compensating fibres primarily allow us to 
5 significantly increase the transmission capacity over an existing fibre optical 
communication system. The dispersion compensating conventional optical fibres are 
commonly characterized by a so-called depressed claddmg^ an inner cladding region that 
has a lower refractive index than the core and an outer cladding region. Multiple depressed 
cladding designs are also ^vell known from conventional optical fibres. Also micro- 
10 structured fibres have been designed for dispersion compensating purposes with a 
depressed, micro-structured, inner cladding region (see e.g, US patent no, 5,802.236), Both 
the conventional, dispersion compensating optical fibres, and the mtcro-structured fibres in 
the above-cited reference have an operation that is illustrated schemattcally in Fig. 1 5. The 
figure shows the effective indices (which in the case that one (or more) of the three 
15 illustrated fibre regions is homogeneous is iden.tcal to the conventional refl-active index of 
that region(s)). The figure illustrates that the core at the operating wavelengths have the 
higher index, while the depressed, tnner claddtng region has the lowest. The outer cladding 
region has an index higher than the depressed cladding, but lower than the core at all 
wavelengths. The present tnventors have, however, realised that it is not opttmum to have 
20 the above-descnbed relation between the fibre regions for all wavelengths. In comrast, the 
present inventors have realized that it is advantageous to have fibres where the relation 
between the effective refractive indices of the fibre regions is vary.ng as illustrated in Fig. 



16. 
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Th,s app.,c«io„ discloses fibres where ,he effective refracve ,„de. of he core .ay be 
Urge, than .he eHeeuve .nd.ces of both an mner and outer cladding reg.on at long 

wavelength, na„,ed the shif.,ng wavelength, but re.atn larger conrpared to the outer 
5 cladding a. this wavelength, and finally, the core ,nde. nray be lower than both the tnner 
and outer cladding indices at short wavelengths. The effective index of the inner cladding 
region will at least at the operattng wavelengths be higher than that of the outer cladding 
index, and we are, therefore, nanting inner cladding regtons. according to the tnvent.on as 
raised claddings. The present inventors have realized that a very strong disperstcn can be 
,0 obtained around the shif^tng wavelength, and that thts shifttng wavelength can be des.gned 
to any desired absolute wavelength for a nunrber of the fibres dtsc.osed in this appl.catton. 
The above-described effect may e.g. be obtained by realiz.ng a fibre as shown ,n F,g. 17. 
Tire fibre has a raised, tnner cladd.ng containing the feamres (170). and a soltd core (171) 
has a lower refractive tndex than the background .atenal of the fibre ,172), The outer 
15 claddtng region contains larger features (173, than the features of the tnner cladding 



region. 



Another example of the effecttve index variatton of a fibre according to the inventton ,s 
shown in F,g. 18. In this example, we descnbe fibres, where the effecve refract.ve index 

regton at long wavelengths. In agreement with the previously described example, the core 
index may be equal to the inner cladding tndex at a specfie wavelength, named the 
.Htffing wavelength. However, in contrast to the previous example, thtsmay be obtatned 
for a case, where the refracve index of the background matenal of the inner claddmg 
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example, the effeCve refractive index of ,he core n,ay be c,ua, .o ..re ou.cr cladd.ng ,ndex 
,r ,,ort wavelengths, bu. .be core .ndex .ay also be smaller .ban ,ba. of .he ou.er 
cladd,ng. Also in this case, a very s.rong dispers.on can be obta.ned around .he sb.ft.ng 
5 wave.cng.h, and .h,s shii«ng wavelengib can be des.gned ,o any des.red absolu.e 
waveleng.h for a number of .he fibres disclosed in .his appUca.ion. 

According .be ,nven.,on, also a fibre wi.b a des.gn as il.us.ra.ed ,n Fig. 19 w.ll be 
advantageous. The fibre has smaller inner cladd.ng fearures (190) d.s.ribu.ed ,n a near-r,ng 
1 0 shaped region around the core. 

Accordtng .o .he .nven.ion, ,. will be fenber advantageous ,0 have obrained .he behaviour 
illustrated in Ftg. 16 by tn.roducing a micro-structure tnto the fibre core reg.on. The 
f„ll„w,ng tex. .s a more derailed descrip.ion of a more advanced des.gn accord.ng .0 .he 
,5 presen. inven.,„n, and how a large negative d.spersion can be ob.tned. The descrrp.ion 
exemplifies the destgn-route that the present inventors have found in order to realize 
micro-structured fibres that exhibit strong dispersion. 

The basic transverse structural form of the micro-structured fibres, employed to obtam a 
20 large degree of dispersion compensauon (The group velocity dispersion, QVD, is ver>^ 
negative), is shown in Fig. 20. Th.s is not a structure actually calculated upon ,n .he 
following, however, it describes the structural idea. 

,„ the centre ,s a closed-packed core-reg.on (th.smeans that .be a.r-boles are s.tuated on a 
25 triangular lattice,. Tb.s .mpl.es .ha. an air hole ,s situated ,n ,he central pan of the core- 
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region, which is an unusual quahty ,n fibres, which guide lighi by raodined Total Internal 
Reflection (TIR). 

Latdce:c^^ Outs.de the close-packed core-reg.on is the inner cladding region. This 
5 inner cladding region is also closed-packed but the distance between the air holes (the 
lattice-constant, A) is significantly larger than the lattice-constant in the central core 
region. In the calculated example, as well as the structural example shown hereunder, the 
lattice-constant is three times as large m the inner claddmg region as it is m the central 
core-region. 

10 

Surrounding the ittner cladding region is the outer cladding region. In the calculated 
example (as well as the structural example shown hereunder), the tnner and the outer 
cladding regions have the same lattice-constant. However, ,n the outer cladding structure, 
small imerstitial holes are placed. The effet of these holes is that the outer cladding region 
15 behaves as if its lattice constant ,s slightly smaller, than the lattice constant of the tnner 
cladding region. 

Th^effect^cr^^ explain the way 

this fibre works, we will use the mode-index plot, shown ,n Fig. 21. Here ,s shown the 
20 effective index of some different periodic structures. The effective index is defined m the 
mvanant length direction, for the fundamental mode, and is defined as the wave-vectors 
component in the length direction (the propagation constant (3), divided by the free-space 
wavenumber, k. For a bounded mode (exemplified by 'core^ode m the plot), this 
definition is compatible with the definifion known from standard optical fibres. The 
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effective index is shown as a function of the nomtalizcd wavelength, X/A, where X is the 
free-space wavelength, while A is the aforenrentioned laUiee-constan, ,n the inner claddtng 
(or the outer cladding, since they are equal). 

5 The effective rndex of the outer cladding is termed 'outer cladding' ,n the plot. The 
effective rndex of the the curv. 'inner core' ,s stmilar to the effectrve mdex of the central 
core, stnce 'inner core' shows the effective index of a perrodic material, rdentical to the 
central core, except that inner core' extends infinitely in space, 

10 TO obtain the desired effect, it is neeessa^ to have an index of the central core (inner core) 
tha, lies above the index of the outer cladding at long (normalized) wavelengths. This is 
ensured by havmg an air-filling fraction in the central core, which is less than the air-filling 
fraction in the outer cladding. In the example calculated upon in this section, the central 
core has air-holes with a diameter of 70% of its lattice constant, while the outer cladding 

,5 has arr-holes with a diameter of 75«/. of its lattice constant. Furthemrore, the outer 
cladding has interstitial arr-holes with a diameter of 13% of the local lattice constant, 
which further lowers the effective index of the outer cladding at long wavelengths, 
compared to the effective index of the central core. 

20 At shorter wavelengths (WA . 0.79) the effective index of the outer cladding has risen to 
the same level as the effective index of the central core-region. The reason behmd the 
significant rising of the effective index of the outer cladding, at wavelengths which are 
sufficientiy long to ensure that the effective index of the cemral cororegron is still fairly 
constant is the sigmficantiy larger lattice constam of the outer cladding compared to the 
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cenlral core-region^ A, these wavelengths the large air holes of the outer cladding have a 
srzc conrparable to the wavelength, whieh causes the field to avoid the an-holes, which 

again causes the effective index to rise. 

5 A hypothetical structure, consisting of the central core, surrounded by the outer claddtng, 
would therefore guide light in the core-region a, long wavelengths (where the effective 
index of the core is higher than the effective index of the cladding). At short wavelengths 
the fibre would become an anti-guide (no. guiding in the cor^region), since the effective 
index of the cladding has risen above the effective index of the core. On the mod.index 

,0 curve shown above, one may actually see that the mode-index curve ,s tendtng towards the 
effecttve outer cladding tndex (X/A. 0.85), due to the small index contrast between the 
central core and the outer cladding at these wavelengths. 

However, ,n the structure calculated upon in the above plot, the effective index of the inner 
15 cladding rises above the effective index of the outer cladding at these wavelengths. By 
designing correctly, one may now obtain the following situation: Before the mod.index 
reaches the effective index of the outer cladding, it begins to de-localze, because of an 
insuffteiem index difference between core and claddtng. However, because of the inner 
cladding surrounding the central core, the field is de-loealizing into the inner cladding, 
20 since this inner cladding has a significantly higher index than the outer cladding at these 
wavelengths. Actually, this tndex difference becomes suffeicntly large, for the inner 
cladding to guide the light. 
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cen... core-mode is de-loca.,.ed ou. ,n.o .he inner cladd.ng over a quite siror. wavelength 
interval However, the slope of the centra, cor.„rode and the ,nner eladd.ng mode ,s qn.te 
different, due to the large d.fference in struetura, s,ze between the central core and the 
5 inner cladding. The guided ntode-tndex therefore turns shan^ly in the wavelength reg.on 
where the transition frotn the centra, core to the rnner cladding (which beeonres the new 
core) takes place. 

,„ Ftg. 22 is depicted the same calculation, except that we have .oomed in on the 
10 .nteresttng transition regrcn. Also, we do not show an effective tndex of the centra, core- 
region, and an effective index of the inner Cadding. The cor.,ndex instead shows the 

waveiength. Shown ,ike this the effective core-rndex appears to break at the shining 
wavelength, which of course is a mathematical abstraction. Nevenheiess, ,t explains the 

an effective index, which ties between the effecttve tndex of the eladdtng and the core. 



15 



The group velocity d.spers.on, GVD, for a gmded mode car. be wrrtterr as: 

GVD- -yJc d^ii/d>..^ , where n-p/k. 

20 

From this formula, those sWIled in the art will recogn.e that the sharp upward bending of 
„e guided mode corresponds to a numerically large negative group velocity dispersion. 
The calculated group velocity dispersion of the fibre is shown in Fig. 23. 



S,„cc ,. has been assumed .ha. a group velocity d.spers.ou below 2500 ps/n„,/kn, ,s 
u„a«a,„able in pure silica fibres a, LS^m wavelength the numbers speak for themselves. 
The lattiee constant in the cladding is L78^n,. while the eore-diametcr ,s es,in,a.ed ,o be 

approximately 5fim. 

5 

Another example of a fibre design according to the present invention is illustrated in Frg. 
24. The fibre consists of a core-region with relatively small air holes. Surrounding the 
eore-region is an inner cladding region that has a higher percentage of air than the core 
region (ensur.ng that the core has a htgher effective mdex than the mner claddtng at long 
10 wavelertgths. The inner cladding structure further has a significantly larger structure scale 
than the core-region ensuring that tl. effective index of the inner claddtng becomes equal 
.0 the effective index of the eore-region a. the shifting wavelength (the longest fre.space 
wavelength where the effective tndex of the core-region ,s equal to the effective index of 
the inner cladding,. At shorter free space wavelengths than .he shifting wavelengths the 
15 effective index of the inner cladding raises above the effective rndex of the core-regton. 

The reason .ha. .he tndex of the inner cladding region raises above .he effectrve index of 
.he core region ,s .ha. .he air holes of .he rnner cladding are avotded by .he field a. much 
longer waveleng.hs .ban the air boles of the core-region. This is due to the larger structural 
20 size of the inner cladding. 

Surrounding the inner cladding is the outer cladding, which has ,he same structural s,ze as 
the inner cladding. However, the atr-filling fractton of the outer claddtng is greater than the 
a,r-ftll,ng fraction of the inner core, since .he air holes are larges. in .he outer claddtng. 
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The effective index of the outer cladding is therefore lower than the eftect.ve index of the 
inner cladding at all wavelengths. The effective index of the three distinct parts of the fibre 
therefore behaves in accordance with the preferred behaviour shown in Fig. 16. Rg. 24 is 
therefore an example of a preferred embodiment where the desired behaviour is obtained 
5 by having different structural sizes in different parts of the fibre. 

The different patterns in the background of the different parts of the structures, exemplifies 
that the behaviour may be further refined by employing different background materials in 
the fibre. By using different background index in one of the regions of the fibre, it becomes 
10 possible to obtain a more desirable combmation of the effective index and the slope of the 

effective mdex in the working wavelength range of the fibre. This allows more flexibility 

when tailoring the dispersion of the fibre. 

Fig. 25 shows yet another preferred way to obtain a different structural size in different 
15 regions of the fibre. Here the typical minimum inter-hole distance is equal in all three parts 
of the fibre. The core-region has air holes on a triangular lattice and the inner cladding has 
air holes on a honeycomb lattice. The outer cladding has relatively large air holes on a 
honeycomb lattice and relafively small air holes m the centres of the honeycombs (on a 
larger triangular lattice). Even though the typical inter-hole spacing is equal in all parts of 
20 the fibre, the typical structural size is much smaller in the cor^region compared to the 
cladding regions. It is therefore possible to obtain effects similar to those found in the 
structure shown in Fig. 24, using this embodiment. 

Again It IS Illustrated how different parts of the fibre can have different refractive indices 
25 of their background material, allowing more flexibility m the design of the fibre. One 
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possible advantage of >he des.gn shown in Fig^ 25, compared .0 >hc o.her structures shown. 
,s ,ha. it becomes possible to have an effective index of the eor.region, which is 
eomparabie to the effective index of the outer eladdrng, even at short wavelengths. This 
makes it easier to keep the fibre singtemoded even at short wavelengths. 



5 



Those skilled in the ar, will recognise, that a mnllimde of structures exist, which has 
different struemral srzes in different parts of the fibre. These structures include: holes on a 
triangular laniee (as in the core-regrons shown in Fig. 2«5). holes on a honeycomb lattice 
(as the tuner cladding shown in Fig. 25), holes on a honeycomb and a triangular lattice ,as 
10 the o„ter cladding shown rn Frg. 25), holes on a Kagome lattice (not shown, and holes on a 
Kagome and a triangular lattice (not shown). 

Fig. 26 illustrates schematically another type of fibre design with a micro-structured core 
region according to the present invention. This type of fibre design is used for fibres 
15 cperatrng solely by PBO effects, and i, ,s a requirement that the claddtng features 
(typically atr holes) are periodically arranged. The core holes are larger in stze than .he 
cladding holes, thereby creating a low-mdex core region that elimtnates any operation by 
modified total internal reflection index or index guidance. 

20 The present inventors have further realized that it is possible ,0 realize fibres where the 
effective refractive indices of the core and the cladding regions behave as illustrated in Fig. 
27 with respect to each Cher as a function of wavelength. At all wavelengths the inner 
cladding has a higher effecuve, refractive index than the outer cladding region. The fibre 
core has the lowest effective refractive index at long wavelengths, an effecttve relVactive 
25 index similar to the inner cladding region at the so-called shifting wavelength (being 
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shorter ,han .he above-mentioned wavelength), and the highest effeetive refractive index at 
short wavelengths. Fibres wr.h this effective index behaviour of the d.fferen, regions also 
provide large tailorab.lity of the dispersion. Especially, the presen, inventors have real.zed 
fibres exhibiting large negattve dispersion near the shifting wavelength, 
5 An example of a fibre design, which provides the above-described behaviour, ,s a fibre 
with the core region compnsing a multitude of spaced apan core features being elongated 
in the axial direction and disposed in a core matertal, wherein the refractive index of the 
core features is larger than the refraCtve index of the inner cladding material, and the 
refractive index of the core ntatenal is lower than the refractive index of the tnner cladding 
,0 material. The fibre may further be characterized by the inner cladding regton comprising 
an inner cladding material with the refractive index being larger than the refractive index 
of the outer cladding features. 

Another example of a fibre providing a shifting wavelength is a fibre, for which the core 
15 region comprising a multitude of spaced apart core features being elongated in the axial 
direction and dtsposed in a core material, wherein the refractive index of the core features 
is lower than the refracttve index of the tnner cladding material, and the refractive index of 
the core material is larger than the refractive index of the inner cladding matenal. 

20 Fibres according to the present invention may also have simple or complicated core 
refractive index profiles obtained through conventional doping techniques, such as for 
example through the use of Modified Chemical Vapour Deposition (MCVD). A wide 
range of doptng profiles may be used for the core - profiles that may either be taken 
directly from standard fibre technology, such as W-profiles, paraboHe profiles, profiles 
25 resembhng depressed cladding fibre designs etc., or profiles that are unknown for standard 
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fibre technology, bu, may be of advantages for pho.on.c e^stal fibre technology. As an 
example of a PCF with a special core profile - realizable through conventional dop.ng 
teehniqnes, a PCF as illustrated in Fig. 2S is given. The fibre has a raised, inner cladding 
region as ,he previously studied (us.ng smaller holes (281) compared to larger holes (282, 
5 in the outer cladding). A par, of the fibre core region (283) has been doped ,c prov.de a 
specific refractive index profile as illustrated in Fig. 29. 

The present tnventors have further reahzed .hat fibres according ,o the present invention 
may be used for non-linear applications a, wavelength around 1.5 nr. Apar, from 
10 providtng fibres with a large negative dtspers.on, the use of an tnner, raised cladding also 
allows .0 realize PCFs with flat, near-zero or zero drspersion a, wavelength, around 
1 .5 m for core sizes smaller than prior art fibres. 

For non-linear applications, it ts vital to realize fibres with small core sizes- typically with 
15 core diameters smaller than 3.5 m as well as fibres with flat, near-zero dispersion around 
the desired operational waveleng.h(s). Ferrando e. al. have presented PCFswith flat, near- 
zero dtspersion for fibres with pitches from around i.6 m to 1.9 m - resulting in core 
diameters of around 3.2 m to 3.8 m (see Ferrando e. al. Electronics Letters, Vol. 35, 
No,4, Feb. 1999). The fibres presented by Ferrando et al. are, bowa-er, designed for near- 
20 zero dispersion a, wavelengths around 1.0 m. For use a. wavelengths around 1 .5 m, the 
fibres presented by Fertando et al. must have a larger pitch resulting in fibres having core 
diameters larger than 4.5 m, 

Monro et al. (Jourrral of Lightwave Technology. Vol. .7. No. 6, June 1999, and Fe.ando 
25 et al. (See Fe.ando e. al.. Optics Letters, Vol. 25, No. U, June, 2000) have specfically 
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investigated Hbres wUh fla,, near-zero d,spers,o„ around ,.55 m. Both Monro et a,, and 
Ferrando e. al, fmd na,, near-zero d.spers.on propenies for PCB wi.h a pitch of 23 n, or 
larger - resuUtng in fibre d.anre.ers of 4,6 n, or larger. U ,s a disadvan.age of .he fibres 

5 dispersron a. wavelengths aronnd 1.5 m for pitches snraller than 2.3 nr. As shall be 
demonstrated by way of exanrp.e. .he present tnventors have realized that the use of a 
,a,sed, tnner claddtng nray prov.de PCFs with near-zero, fiat d.spersion at wavelengths 
around 1.5 n, for snraller core sizes than town in .he poor art (for pttches snraller than 
1.8 n, - correspondtng to core dianreters of 3.6 m or snraller). PCFs according .„ the 

10 present invention are characterized by a lower threshold for non-linear effects conrpared to 
prior art fibres, and will, therefore, be advantageous. 

To analyse the dispersion properttes of fibres with a design as illustrated in Ftg. 28 and 
Fig. 29, a background refractive cladding index of 1.45 (for both cladding regions) and a 
15 htghes. refractive index ,n the core of 1.47 is chosen. A refractive index value of 1.45 is 
representative for sr.ica a, near-,nfrared wavelengths and a index rncrease of 0.02 ts 
feasible with conventional dop.ng technt.ues. The rnner cladding holes (28.) h.e a 
dianreter of 0.3 and the outer cladding holes (282) have a dranreter of 0.6 . Fig. 30 
illustrates the dispersion properties of such fibres for ranging from 1.0 m to 1.5 nr. As 
20 seen fron, the figure, a fibre wrth a sntall prtch of around 1.4 nr has a nearzero dispersion 
w„h a near-zero slope over a (very) broad wavelength range covertng wavelengths of a, 
leas, 1.2 m to 1.8 nr. A close up of the dispersion properties of a srmilar fibre, but wi.h 
outer cladding holes of dianre.er 0.5 is i..us.rated in Ftg. 31. Also for thts fibre a fiat, 
near-zero dtspersron is found for snrall pitches- in .his case a pitch of 1.5 nr. The two 
25 above-studted fibres wtthpttches of 1.4 n, and 1.5 nr have core dianreters of 2.8 n, to 
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3.0 m. This is significantly smaller than for pricr art fibres with flat, near zero dispersion 
at wavelengths around 1.5 m, and the fibres disclosed in this patent application are, 
therefore, advantageous for non-linear fibre applications at near-infrared wavelengths. 

5 Fig. 32 illustrates the field distribution of a guided mode at a wavelength of 1.5 m. As can 
be seen from the figure, the mode experiences a strong confinement to the core region. 

Due to the higher refractive index of the central part of the core region, the fibre will be 
forther advantageous with respect to splicing as the core may confine light even in the case 
10 of partly or fully collapsed holes that may result over a short length of the fibre at a spliced 
end. 

Although the previous dispersion analysis was done for fibres with a higher rrfractive 
index in the central core region compared to the cladding indices, the use of a raised, inner 

1 5 cladding also allows to realize fibres with the desired dispersion properties m the case of a 
core region having a lower refractive index than the background refractive index of one or 
both the cladding regions. Fig. 33 illustrates the dispersion properties of a fibre having a 
design as illustrated in Fig. 28, but the cladding background refractive indices being 0.02 
higher than the core background refractive index (the refractive index values of i .47 and 

20 1.45 were used for the background material of the cladding and core, respectively). As 
seen from the figure, also this design provides a flat, near-zero dispersion around 1.5 m 
for smafl pitches ( of around 1.2 m). This specific fibre has drO.4 and d„=0.7 . 

The present inventors have realized yet another range of designs for non-linear fibres with 
25 flat, near-zero dispersion at wavelengths around 1.5 m. An example of the design is 
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illustrated in Fig. 36. The fibres has a low number of innermost cladding features 
(innermost with respect to the fibre core). In the example in Fig. 36, the fibre has four 
inner cladding features (362) that surround the core (360). The fibre also comprises outer 
cladding features (361) arranged in a concentric, annular manner surrounding the core. The 
5 outer features do not necessarily need to be position in a concentric manner, but may also 
be close-packed. Due to the low number of inner cladding features (being lower than six 
which IS the most generally studied case in the pnor art), the fibre in Fig. 36 will also have 
a higher refractive index of the inner cladding compared to the micro-structured region(s) 
surrounding the inner cladding. The low number of innermost cladding features provides a 
10 larger spacing between the innermost cladding features compared to the outer cladding 
features - and since all cladding features are similar m size, the filling fraction in the inner 
part of the cladding will be lower than in the outer part. Naturally, in the case of low-index 
features, this provides a larger effective refractive index of the inner claddmg compared to 
the outer claddmg. The present inventors have studied a number of fibres having less thar 
15 SIX innermost cladding features (such as 5, 4, 3, and 2 innermost claddmg features). As an 
example of the dispersion properties that may be obtained for such fibres. Fig. 37 shows 
the dispersion properties of an exemplary fibre with a design as shown in Fig. 36, where 
the cladding features are air and the cladding background material is pure silica (with a 
refractive index of 1.45), and the core is solid comprising Ge-doped silica (with a 
20 refractive index of 1.47). The cladding features are all similar .zed with a diameter of 
0.5 m. The cladding features are arranged in concentric annular regions (rings), and the 
number of features in each ring (counting from the core) is 4, 22, 34, and 46. The smallest 
spacing between a centre of a cladding features in one ring to a centre of a dadding feature 
m another ring being 1.27 m. The core diameter of the fibre is around 1 .8 m (defined as 
25 the distance from a centre of one innermost cladding features to a centre of a second 
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i„„e™,os. cladding feature - these two innen^ost cladd,„g features being positioned 
opposite each other with respect to a centre of the core). As seen from .Mg. 37, the libre 
exhibits near-zero dispersion over an extremely broad wavelength range - the dispersion 
varying less than between +0.4ps/nm/km and 

5 ^ps/nm/km over more than 600nm (for wavelengths between at leas. 1.2 n, to 1.8 nr). 
Fig. 37 shows further a close-up of the dispersion fron, 1.4 m ,o 1.7 nr - the dispersion 
varying less than from +0.4ps/nm*m to -0.4ps/„m/km in the important wavelength range 
from 1 .4 m to 1 .6 m. At a wavelength of 1 .5 m, the mode field distribution (380) of the 
guided mode of the fibre is illustrated ,n Fig. 38. The field has a mode field dtameter of 
10 only 1.7 m. This small mode field drameter and the near-zero, flat disperston of the fibre 
at wavelengths around 1.5 m, make the fibre highly attractive for non-linear fibre 
applications. It is important to understand, that the low number of intrennost cladding 
features acts ,o provide an effecfively higher refractive index of the inner part of the 
cladding compared to .he outer parts of the cladding. Tltts is obtained by havtng 
,5 subs.a„ually sim.larly sized inner and outer claddtng features, where .he spacing beuveen 
inner claddrng fearures is larger than .he spacing between ou.er cladding fearures (m the 
same annular region). 

Tlre present invention also covers fibres wi.h less .han six innermost cladding features for 
20 other types of design than the one shown schematically ,n Fig. 36, such as fibres with 
close-packed outer cladding features. 

„ is a further advantage of .he fibre design shown schemaScally ,n Fig. 36 that all claddtng 
features in the fibre have tden.ical size (or drame.er) due to potential difficulties ,n 
25 controlling claddrng fea»es of different s,ze during fibre fabrtcatton. Although vartous 
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types of pressurizing systems may be empioyed to control different sized claddmg features 
(as for example for fibres with a design as shown m Ftg. 28), it is less demanding to 
fabricate similar sized-cladding features. 

5 As another example of a fibre according to the present invention, Fig. 39, shows 
schematically a fibre design, where the cladding features are increasing in size with respect 
to distance to the centre of the core (390). The inner ring of cladding features (391) has 
smaller diameter than the outer cladding features (392) that again have smaller diameter 
than the outermost cladding features (393). 

10 

Potential applications of PCFs according to the present invention are: pulse compression 
(using self phase modulation), soliton generation and propagation, supercontinuum 
generation around 1.5 m or other wavelengths, wavelength conversion (usmg four wave 
mixing), fibres for narrow bandwidth spectral shaping (using sfimulated BriUoum 
15 scattering), fibres for wide bandwidth spectral shaping (gain equalising/flattemng using 
cross phase modulation), Raman amplification, etc. 

Another example of a fibre according to the present invention is illustrated in Fig. 34. A 
part of the core region (341) has a higher refractive index than the cladding background 
20 refractive index. The inner cladding region contains a honeycomb-like micro-structure 
(342) and the outer cladding region contains a micro-structure resembling the inner 
cladding structure, but with the addition of small features (343) in the centres of the 
honeycomb-cells. These small features provide a lower refractive index of the outer 
cladding region compared to the inner cladding region. The field distribution of the 
25 tiindamental mode is illustrated in Fig. 35. The fibre has a large negative dispersion slope 
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at wavelengths around for 1.5 m - making it useful for dispersion slope compensating 
applications. The centre-to-centre air holes spacing is 1mm - resulting in a fibre with 
giving a mode field diameter of around 8 m. 

5 As polarization properties may play an important role for non-linear fibre applications, it is 
important to notice that fibres according to the present inventions may be realized with 
non-symmetric cross-sections - such as e.g. an elliptic core - in order to improve 
polarization properties of the fibres, 

10 Fibres according to the present invention may be fabricated using techniques that are well 
known in the prior art of micro-structured fibres. These include stacking of capillary tubes 
and'or rods to form a preform that may be drawn into fibre using a conventional fibre 
drawing tower. Alternatively, fibres according to the present invention may be fabricated 
using extrusion techniques. These fabrication techniques may both be applied to glass 

15 based microstructured fibres, such as air-silica, air-chalcogonide, all-glass (using different 
types of glass or glasses having different dopants) micro-structured fibres, or to micro- 
structured fibres based on polymer materials. 

20 



25 



